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Abstract
Satellite cells (SCs) are muscle stem cells that remain quiescent during homeostasis and
are activated in response to acute muscle damage or in chronic degenerative conditions
such as Duchenne Muscular Dystrophy. The activity of SCs is supported by specialized
cells which either reside in the muscle or are recruited in regenerating skeletal muscles,
such as for instance macrophages (MΦs). By using a dystrophic mouse model of transient
MΦ depletion, we describe a shift in identity of muscle stem cells dependent on the crosstalk
between MΦs and SCs. Indeed MΦ depletion determines adipogenic conversion of SCs
and exhaustion of the SC pool leading to an exacerbated dystrophic phenotype. The
reported data could also provide new insights into therapeutic approaches targeting inflam-
mation in dystrophic muscles.
Author summary
Muscular dystrophies are a heterogenous group of genetic disorders characterized by
muscle wasting, leading to loss of mobility and eventually to death due to respiratory or
cardiac failure. Duchenne Muscular Dystrophy (DMD) is one of the most severe dystro-
phies and is caused by the loss of functional dystrophin protein owing to genetic muta-
tions, consequently, the sarcolemma becomes fragile and susceptible to muscle damage
induced by contraction.
Satellite cells (SCs) are skeletal muscle stem cells that mediate the repair process leading
to muscle regeneration. Dystrophic muscles undergo continuous cycles of degeneration
and regeneration eventually culminating in myofiber loss and deposition of fibrous and
fatty connective tissue. Inflammation is always associated with the muscle regeneration
process. Among different types of inflammatory cells, mainly macrophages (MFs) are
present in regenerating skeletal muscles and are involved in the regenerative process both
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after an acute injury and during pathological conditions such as DMD. We focused on the
cross-talk between MFs and SCs in a mouse model of DMD and highlighted a role of
MFs in preserving the SC identity.
Introduction
Duchenne Muscular Dystrophy (DMD) is one of the most severe dystrophies caused by muta-
tions that lead to the loss of a functional dystrophin protein, a structural protein associated to
the muscle fiber membrane. Therefore, dystrophic muscles undergo continuous cycles of
degeneration and regeneration that progressively lead to muscle wasting, loss of mobility and
eventually to death due to respiratory or cardiac failure [1–3].
Satellite cells (SCs) are bona fide muscle stem cells that are quiescent during homeostasis
and are activated in response to acute muscle damage or in chronic degenerative conditions
such as DMD [4]. Once activated, SCs are able to both self-renew, in order to maintain the
stem cell pool, and to differentiate into myoblasts that fuse with each other and with surround-
ing fibers to generate new myofibers or repair the damaged ones [5]. The proper expansion
and myogenic commitment of SCs is crucial to efficiently counteract muscle degeneration and
maintain the SC pool in dystrophic muscles [6,7].
During regeneration of dystrophic muscles, decisions regarding SC fate are regulated by
intrinsic mechanisms and extrinsic signals [8]. Dystrophin deficiency in SCs directly affects
SC polarity and asymmetric division, thus compromising the self-renewal of myogenic pro-
genitors [9]. Moreover, SCs respond to a large variety of extrinsic signals derived from the
regenerative microenvironment that affect muscle stem cell fate. For instance, the induction of
Wnt signalling can divert the myogenic cell fate of SCs towards a fibrogenic lineage [10]; SCs
undergo mesenchymal-fibrogenic conversion dependent on Tumor Growth Factor-β (TGF-β)
signalling [11,12]. The activity of SCs is supported by specialized cell populations resident in
skeletal muscles, such as fibroblasts, fibroadipogenic progenitors (FAPs) [13,14] and vascular
cells [15], or recruited from the bloodstream in response to muscle damage, represented by
immune cells [16].
Inflammation is always associated with the muscle regenerative process in response to mus-
cle degeneration and influences muscle repair. Among different types of inflammatory cells,
macrophages (MFs) are the most abundant immune cells recruited in regenerating skeletal
muscles [17,18]. MFs are highly plastic cells able to respond to the signals derived by the
regenerative environment by adopting a broad spectrum of polarization states, not exhaus-
tively characterized by the two extreme states M1 and M2 [19]. In chronic degenerative dis-
ease, such as DMD, different MF subpopulations coexist at a variable extent depending on the
stage of pathology [20]. MFs not only clear the damaged areas by phagocyting tissue debris,
but also sustain the regenerative myogenesis [21]. Indeed, MF depletion in acutely injured
muscles impairs muscle regeneration [16,22–27], suggesting an active interplay between MFs
and muscle resident cells involved in the repair process.
For instance, several factors, such as Interferon-γ (Ifn-γ) [28], Tumor Necrosis Factor-α
(Tnf-α) [29,30], Interleukin-6 (IL-6) [31], Insulin growth factor-1 (Igf-1) [32], Granulocyte-
colony stimulating factor (G-csf) [33], Klotho (Klb) [34,35] and Adamts1 [36] positively affect
SC proliferation, while others, such as Growth Differentiation Factor 3 (Gdf3) [37] or Tgf-β
[38,39] sustain the myogenic differentiation of SCs. However, the functional significance of
the SCs-MFs cross-talk is only partially elucidated. Anti-inflammatory drugs are a promising
therapeutic approach to attenuate symptoms of muscular dystrophies, including DMD.
Cross-talk between macrophages and muscle stem cells
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Indeed, corticosteroids (prednisolone or deflazacort), that have an anti-inflammatory activity,
are currently the standard care for treatment of DMD and other muscular dystrophies; how-
ever, the side effects of these drugs often outweigh their beneficial effects [40–44]. Therefore,
the importance of tackling the interplay between SCs and MFs in chronic muscle disease like
DMD also lies in the need to finely assess the potential or the effectiveness of inflammation-
based therapeutic approaches for treating DMD.
With our data we describe in dystrophic skeletal muscle a shift in identity of muscle stem
cells dependent on the crosstalk between MFs and SCs. Indeed, the characterization of a dys-
trophic mouse model of transient MF depletion, named mdxITGAM-DTR revealed a critical role
of MFs in preserving SC identity and preventing precocious exhaustion of SCs, sustaining, in
turn, proper muscle regeneration. Specifically, MF depletion exacerbates the dystrophic phe-
notype, impairs the proliferation/differentiation balance of myogenic progenitors and causes
adipogenic conversion of SCs. These findings could also provide new insights into therapeutic
approaches targeting inflammation in dystrophic muscles.
Results
Macrophage depletion compromises satellite cell potential and muscle
regeneration in dystrophic mice
We investigated the role of macrophages (MFs) in regeneration of dystrophic muscles by tak-
ing advantage of a transgenic mouse model that allows to transiently deplete macrophages (B6.
FVB-Tg ITGAM-DTR/EGFP mice; The Jackson Laboratory) [45], referred to as ITGAM-
DTR. In ITGAM-DTR mice, monocyte/ MF population can be depleted by Diphtheria Toxin
(DT) injection. Among the immune cells also granulocytes, mainly neutrophils, express
ITGAM/CD11b, but are not targeted by DT in ITGAM-DTR mice [16,45,46], which thus rep-
resent a tool to specifically study the role of monocytes/ MFs in different processes. To tackle
the role of MFs in regeneration of dystrophic muscles, ITGAM-DTR mice were crossed with
mdx mice, a widely used mouse model of Duchenne Muscular Dystrophy (DMD), following
the breeding scheme reported in S1A Fig. mdxITGAM-DTR mice are viable, fertile, normal in
size and, in the absence of DT injection, show a dystrophic phenotype overlapping that of mdx
mice.
Either DT or PBS vehicle was administered to mdxITGAM-DTR mice by intramuscular (im)
injection in the Tibialis Anterior (TA) and the Gastrocnemius (GA). To gain substantial and
prolonged MF depletion in muscles of mdxITGAM-DTR mice we adopted the 15-day long DT
injection schedule reported in S1B Fig. Then we used a fluorescence activated cell sorting
(FACS) approach to isolate both macrophages and muscle-resident cells, namely satellite cells
(SCs) and fibroadipogenic progenitors (FAPs), from hind limb muscles of PBS or DT-injected
mdxITGAM-DTR mice; the gating strategy is reported in S1C Fig.
15 days after the first DT injection, MFs were sorted as Lineage+(CD31+, CD45+, Ter119+)
(Lin+)/CD11b+/F4/80+ cells in order to verify successful MF depletion in dystrophic muscles,
highly enriched in infiltrating MFs (S1D and S1E Fig).
Macrophage depletion was also evaluated by FACS at intermediate time points, specifically
d3, d7 and d11, these correspond to the day prior the scheduled DT injection, in order to
check that MF depletion was maintained during the 15 days of treatment (S1F Fig).
The robust MF depletion at d15 was also confirmed by immunostaining of TA cryosections
with an antibody directed against the MF-specific marker F4/80 (S1G Fig).
We also verified that neutrophils were not depleted by analyzing Ly6G (GR1) positive cells
by FACS (S1H Fig). Furthermore, to verify whether DT per se did not affect MFs, DT was also
Cross-talk between macrophages and muscle stem cells
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injected in mdx mice where, indeed, the relative percentage of MFs was not altered (S1J and
S1K Fig).
Next, we analyzed the effect of a 15-day MF depletion on muscle resident satellite cells
(SCs). The analysis of Pax7+ cells on muscle cryosections confirmed a drastic reduction of SCs
in mdxITGAM-DTR mice upon MF depletion (Fig 1A, 1B and 1C). Pax7 is a marker of adult
SCs, specifically expressed in proliferating and self-renewing satellite cells, whose inactivation
leads to a severe impairment in regeneration and loss of satellite cells [47,48].
We also isolated by FACS SCs from PBS or DT-injected hindlimb muscles of 12 week-old
mdxITGAM-DTR mice, identified as α7Integrin+ (α7+)/ Stem cell antigen- (Sca1)-/CD31-, CD45-,
Ter119- (Lin-) cells and we found that the relative number of SCs was strongly reduced upon
MF depletion (Fig 1D). Moreover, we verified the purity of SCs by cytofluorimetric analysis of
freshly sorted cells in order to assess the level of contaminating cells in SCs DT sample, in
which the impact of contaminating cells could be higher, considering the significant decrease
in SC number upon DT injection. The purity check confirmed a similar and high percentage
of purity (about 98%) in SCs CTRL and SCs DT (Fig 1E). Therefore, the decrease in Pax7+
cells suggested that MF depletion could compromise SC expansion and self-renewal leading
to exhaustion of the SC pool.
SCs isolated from mdxITGAM-DTR mice were cultured ex vivo. The EdU (5–ethynyl–20–
deoxyuridine) incorporation revealed a reduced proliferative rate of SCs derived from DT-
injected mdxITGAM-DTR mice (SCs DT) compared to control SCs (SCs CTRL) (Fig 1F and 1G),
which could reflect either a proliferation deficit or precocious myogenic differentiation. More-
over, upon induction of differentiation SCs derived from a MF-depleted muscle niche (SCs
DT) showed evident differentiation defects compared to control SCs, both in terms of fusion
index and myotube size (Fig 1H, 1I and 1J).
Taking into consideration the observed proliferative defect, the differentiation level could
also be affected by the reduced cell density of SCs DT. Therefore, we performed a differentia-
tion assay of cells seeded at high-density, in order to evaluate the differentiation efficiency
independently of cell number at the moment of the shift in differentiation medium. We found
that SCs DT showed differentiation defects also in high-density culturing condition, indicating
an intrinsically impaired differentiation potential (Fig 1K, 1L and 1M).
Moreover, we also evaluated early stages of myogenic differentiation prior to fusion by ana-
lyzing the expression of Myogenin (Myog) and we verified that, despite lower density of SCs
DT, the percentage of Myog+ cells was higher in SCs DT compared to SCs CTRL, suggesting a
precocious onset of differentiation (Fig 1N and 1O).
Next, we analyzed the effect of MF depletion on the dystrophic muscle phenotype of 12
week-old mdxITGAM-DTR mice, in terms of regeneration, fibrosis and fat deposition. In DT-
treated mdxITGAM-DTR mice the histological analysis showed a disordered muscle architecture
with evident interstitial spaces and infiltrating cells among fibers (S2A Fig). Furthermore, the
measurement of myofiber cross sectional area (CSA) demonstrated a decrease in the mean
fiber area (S2B Fig), due to a significant increase in the number of smaller fibers and a decrease
of intermediate and large fibers in dystrophic muscles depleted of MFs (S2C Fig).
We then assayed the expression of embryonic Myosin Heavy Chain (eMyHC), an early
myosin isoform transiently expressed by newly formed regenerating fibers (S2D Fig). The
increased number of eMyHC-positive fibers revealed a strong increase of newly generated
fibers in DT-injected muscles of mdxITGAM-DTR suggesting an enhanced activation of the
regenerative process upon MF depletion (S2E Fig).
Specifically, the total number of myofibers showed a slight, though not significant, increase
in DT-injected mice (S2F Fig), presumably due to the high number of regenerating fibers;
however, the quantification of myonuclei showed a reduction in the mean number of
Cross-talk between macrophages and muscle stem cells
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Fig 1. MF depletion compromises satellite cell potential in dystrophic mice. (A, B, C) Representative images of
double staining anti-laminin (green) and anti-Pax7 (red) of TA cryosections of mdxITGAM-DTR mice injected with PBS
(CTRL) or DT. Nuclei were counterstained with DAPI (white). In the graphs are reported the percentage of Pax7+ cells
relative to total cells or the percentage of Pax7+ cells relative to fibers; values are mean ± SEM; n = 3 animals for each
experimental group; unpaired t test was used for comparison (��, P<0.01; ���, P<0.001). Scale bar = 50 μm. (D)
Relative percentage of SCs sorted from muscles of mdxITGAM-DTR mice injected with PBS or DT. Cells isolated from
Cross-talk between macrophages and muscle stem cells
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myonuclei contained in eMyHC+ fibers of DT-treated mdxITGAM-DTR mice compared to con-
trol mice (S2G Fig). The above observations suggest that a reduced supply of myonuclei or
lack of fusion could compromise the maturation of myofibers resulting in a decreased size of
myofibers upon MF depletion. Interestingly, the reduced number of myonuclei in regenerat-
ing fibers of DT-injected mdxITGAM-DTR mice mirrors the fusion defect of SCs DT observed in
vitro.
The expression analysis by qRT-PCR of whole TA muscles from PBS or DT-injected
mdxITGAM-DTR mice confirmed the induction of myogenic regulatory factors and early myosin
isoforms, such as Myogenin, Mrf4 and Myh3 (eMyHC), in MF-depleted dystrophic muscles
(S2H Fig), but several late muscle markers crucial for myofibril assembly and contraction,
such as adult myosin isoforms (Myh1, MyH4), muscle creatine kinase (Mck) and members of
myozenin and tropomodulin families (Myoz3, Tmod1) were strongly reduced in DT-injected
mdxITGAM-DTR mice (S2I Fig), suggesting an impairment in myofiber maturation.
Sirius Red staining revealed a significantly increased deposition of fibrotic tissue in
mdxITGAM-DTR mice upon DT injection, suggesting an important role of MFs in fibrotic
degeneration of muscles at the regenerative stage of dystrophy (S3A and S3B Fig). Moreover,
we analyzed adipose tissue deposition on muscle cryosections of PBS or DT-injected
mdxITGAM-DTR mice. Specifically, TA muscles were stained with either Oil Red O dye (S3C
and S3D Fig), specific for triglycerides, or with antibodies specific for Perilipin, a late marker
of adipogenic differentiation (S3E Fig) which revealed evident signals of fat deposition in dys-
trophic muscles from mdxITGAM-DTR mice upon MF depletion. The fibro-adipogenic degener-
ation was further confirmed at the molecular level through expression analysis of fibrotic and
adipogenic differentiation markers in whole TA muscles derived from mdxITGAM-DTR mice
(S3F Fig). The increase in ECM and fat deposition indicates a less efficient compensatory
regeneration presumably leading to a compromised functionality of muscles upon MF
depletion.
hind-limb muscles were first separated into hematopoietic lineage positive (Lin+) and hematopoietic lineage negative
(Lin-) (Lin: CD45, CD31 and Ter119) cells. SCs were then sorted as α7Integrin+ (α7+)/Sca1-/ Lin-; the percentage of
cells is reported as relative to whole mononucleated cells; values are mean ± SEM (n = 3 biological replicates for each
experimental group; each replicate was the pool of 2 mice); unpaired t test was used for comparison (���, P<0.001). (E)
Purity check of SCs sorted from muscles of mdxITGAM-DTR mice injected with PBS (CTRL) or DT. Freshly sorted SCs
were analyzed by flow cytometry (CytoFLEX, Beckman Coulter) and showed purity�98%. (F, G) Sorted SCs were
cultured in growth medium (GM) for 2 days and then EdU were added for 4 h in fresh GM before the fixation. EdU-
incorporating SCs were then stained using Click-iT EdU Alexa Fluor Imaging Kit and 40,6-diamidino-2 phenylindole
(DAPI). Proliferating cells were counted checking the co-localization of DAPI and EdU positivity. In the graph is
reported the quantification: values are mean ± SEM (n = 3 biological replicates for each experimental group; each
replicate was the pool of 2 mice); unpaired t test was used for comparison (��, P<0.01). (H, I, J) Representative images
of MyHC staining of SCs isolated from mdxITGAM-DTR mice injected with PBS (SCs CTRL) or DT (SCs DT) and
differentiated ex vivo. The cells were cultured in growth medium for 48 hours and then shifted in differentiation
medium for further 48h. Nuclei were counterstained with DAPI (blue). In the graphs are reported the quantification of
two skeletal muscle differentiation parameters: fusion index (percentage of nuclei within myotubes: myotube = nuclei
�2) and myotube size (mean of number of nuclei into myotubes). Data are represented as mean ± SEM (n = 4
independent experiments); unpaired t test was used for comparison (��, P<0.01). Scale bar = 100 μm. (K, L, M)
Representative images of MyHC staining of SCs isolated from mdxITGAM-DTR mice injected with PBS (SCs CTRL) or
DT (SCs DT) and high-density differentiated ex-vivo. The cells were cultured in growth medium for 48 hours and then
seeded at high density (60000 cells/cm2) and, after few hours, once adherent, shifted in differentiation medium for a
further 48h. Nuclei were counterstained with DAPI (blue). In the graphs are reported the quantification of fusion
index (percentage of nuclei within myotubes: myotube = nuclei�2) and myotube size (mean of number of nuclei into
myotubes). Data are represented as mean ± SEM (n = 4 independent experiments); unpaired t test was used for
comparison (�, P<0.05). Scale bar = 100 μm. (N, O) Representative images of Myogenin (Myog) staining of SCs
isolated from mdxITGAM-DTR mice injected with PBS (SCs CTRL) or DT (SCs DT) and seeded ex vivo in growth
medium for 4 days. Nuclei were counterstained with DAPI (blue). In the graph is reported the quantification of Myog+
cells. Data are represented as mean ± SEM (n = 4 independent experiments); unpaired t test was used for comparison
(�, P<0.05). Scale bar = 100 μm.
https://doi.org/10.1371/journal.pgen.1008408.g001
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To verify that DT per se did not affect dystrophic muscles, DT was also injected in mdx
mice where, indeed, the muscle architecture was not altered (S4A and S4B Fig) and fibrotic tis-
sue deposition of mdx mice was not increased by DT injection (S4C and S4D Fig).
Collectively, these data indicate that MF depletion triggers the muscle regenerative pro-
gram in dystrophic muscle, evidenced by an increase in the percentage of eMyHC+ fibers (S2D
and S2E Fig) and induction of early muscle differentiation markers (S2H Fig); however, the
histopathological analysis of hind limb muscle demonstrates an exacerbated dystrophic pheno-
type characterized by a decrease of the mean myofiber size and an increase of fibrosis and fat
deposition. Moreover, the reduced number of myonuclei contained in eMyHC+ fibers and the
strong reduction of muscle differentiation markers associated with the assembly and activity of
myofibrils suggest an altered timing of the myogenic process and a less efficient maturation of
fibers. This phenotype is also associated with a reduced number of SCs in vivo and both prolif-
eration and differentiation defects of SCs ex vivo.
Transcriptome analysis reveals adipogenic conversion of SCs upon MF
depletion in dystrophic muscles
To investigate the molecular pathways underlying the evident effects of MF depletion on mus-
cle progenitor cells, we performed genome-wide expression analysis of freshly sorted SCs
derived from mdxITGAM-DTR mice injected with PBS (SCs CTRL) or DT (SCs DT) following
the experimental scheme reported in S1B Fig.
Pairwise analysis of the transcriptomes of SCs CTRL and SCs DT revealed 727 differentially
expressed genes (DEGs), either upregulated (n = 463) or downregulated (n = 264) in SCs DT
versus SCs CTRL, which were evaluated for enrichment of Gene Ontology (GO) terms (Fig 2A
and 2B). The most representative biological processes included the immune response, muscle
and adipogenic differentiation for the upregulated genes (Fig 2A) and proliferation and adhe-
sion-related processes for the downregulated genes (Fig 2B).
Validation of RNA-Seq data by RT-qPCR confirmed a strong modulation of muscle-spe-
cific genes in SCs upon MF depletion. Specifically, on one hand we found a robust decrease of
markers crucial for activation and myogenic commitment of SCs, such as Pax7, Myf5 and
MyoD, (Fig 2C) and, on the other hand, we observed a significant increase of late markers of
skeletal muscle differentiation, such as Mrf4 (Myf6), Mck and different isoforms of adult
MyHC genes (Myh1, Myh4) (Fig 2D), supporting the hypothesis of precocious differentiation
of SCs upon MF depletion [49].
Moreover, SCs derived from MF-depleted dystrophic muscles of mdxITGAM-DTR mice
showed downregulation of genes involved in cell cycle progression, such as Cyclin D1
(Ccnd1), Cyclin A (Ccna2) and ckd4 (Fig 2E), or in quiescence of adult SCs, such as Numb,
Spry and Lix1 (Fig 2F); this expression pattern was consistent with the reduced cell density
observed in ex vivo cell cultures (Fig 1F and 1G). Collectively, these data suggest an impaired
self-renewal capacity and precocious differentiation of SCs upon MF depletion leading to
exhaustion of the SC pool and exacerbation of dystrophic phenotype. These effects are remi-
niscent of what was previously observed in Pax7-null SCs [47,49].
Previous reports suggested that SCs might adopt an alternative adipogenic fate. In particu-
lar, in vivo lineage tracing experiments demonstrated that skeletal muscle and brown fat cells,
but not white fat cells, derive from Myf5+ precursor cells and this switch of cell fate is con-
trolled by the transcriptional regulator PRDM16 [50,51].
In this context, the top-ranking GO categories for upregulated genes in SCs DT included
fat cell differentiation-related terms. In fact, in SCs DT mice we could appreciate an increased
expression of adipogenic markers (Fig 2G), in concomitance with MyoD inhibition (Fig 2C),
Cross-talk between macrophages and muscle stem cells
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Importantly, MyoD inhibition is a crucial event in promoting lineage switching of SCs toward
a brown adipogenic phenotype [49,52,53], and, in this context, Ucp1 and Cidea (Fig 2G) repre-
sent brown fat-specific markers [54].
We also analyzed the adipogenic conversion of SCs DT at single cell level by Oil Red O
staining of ex vivo cultured SCs DT and we found several cells containing Oil Red positive
dots, undetectable in SCs CTRL cells (Fig 2H).
Fig 2. Transcriptome analysis reveals adipogenic conversion of SCs upon MF depletion in dystrophic muscles. (A, B) Total RNA from SCs derived from
PBS-injected (SCs CTRL) or DT- injected (SCs DT) mdxITGAM-DTR mice was used for RNA-Seq (n = 2 biological replicates for each experimental group;
each replicate is the pool of 2 mice). Selected representative GO biological processes in upregulated (A) and downregulated genes (B) in SCs derived from
DT-injected mdxITGAM-DTR mice compared to CTRL mice, identified by DAVID 6.8 are shown. The graph displays for each GO term the obtained p value
(expressed as −log10) on the x axis and the number of genes included (count), on the y axis. (C, D, E, F, G) Expression analysis by qRT-PCR of myogenic (C,
D), proliferation (E), self-renewal (F) and adipogenic (G) markers in SCs isolated from mdxITGAM-DTR mice injected with PBS (CTRL) or DT. The data are
reported as relative to housekeeping gene TBP, and represented as mean ±SEM (n = 3 or 4 biological replicates for each experimental group; each replicate
was the pool of 2 mice); unpaired t test was used for comparison (�, P<0.05; ��, P<0.01; ���, P<0.001). (H) Representative images of in vitro cultures of SCs
CTRL and SCs DT cells isolated from mdxITGAM-DTR mice injected with PBS (CTRL) or DT. The cells were cultured in SCs growth medium for 24 hours and
then stained by Oil Red O dye and counterstained with Hematoxilin.
https://doi.org/10.1371/journal.pgen.1008408.g002
Cross-talk between macrophages and muscle stem cells
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Collectively, these data suggest that MF depletion on the one hand compromises the self-
renewal of SCs leading to precocious differentiation and, on the other hand, triggers in SCs a
mesenchymal alternative program determining the adoption of a brown adipogenic fate.
A novel cell population revealed in dystrophic muscles upon MF depletion
Interestingly, FACS isolation revealed that MF depletion was also associated with the appear-
ance of a cell population, referred to as α7Sca1 cells, that co-expresses both α7integrin and
Sca1 (Stem cell antigen) surface markers, usually used as specific and mutually exclusive mark-
ers to sort SCs or fibroadipogenic progenitors (FAPs) [13,14], respectively (Fig 3A and 3B). In
PBS-injected mdxITGAM-DTR mice, α7Sca1 cells were not significantly detectable (Fig 3A). In
the FACS plot is also evident the already reported reduction of SCs upon MF depletion (Fig
1D). Moreover, we could also appreciate an increase in the FAPs population (Fig 3C), sorted
as Sca1+/α7Integrin-(α7-)/(Lin-) cells, suggesting that the observed increase of fibrosis and fat
deposition (S3 Fig) may reflect an enhanced in vivo amplification of FAPs, considered the
main source of matrix-producing fibroblasts [13,14]. In mdx mice α7Sca1 cells were not
detected (S5A Fig) and the abundance of SCs and FAPs was not affected by DT injection (S5B
and S5C Fig), ruling out an effect of DT injection, independent from MF depletion.
We analysed α7Sca1 cells ex vivo, by seeding them in SC or FAP growing medium. These
cells, which were significantly detectable only in MF-depleted mdxITGAM-DTR mice, failed to
proliferate ex vivo, showed an enlarged adipocyte-like morphology even in the absence of any
adipogenic stimulus, and displayed several droplets of triglycerides when stained with Oil Red
O dye (Fig 3D). The transcriptome of α7Sca1 cells confirmed the adipocyte-like phenotype: in
fact, representative GO categories for genes having an RPKM over 30 included terms related
to adipocyte differentiation and adipose tissue function (Fig 3E). The validation of transcrip-
tome data by qRT-PCR confirmed the adipocyte-like phenotype of α7Sca1 cells showing a
consistent expression of adipogenic markers compared to SCs DT isolated from DT-injected
mdxITGAM-DTR mice (Fig 3F).
Comparative analysis of the deregulated genes in SCs and α7Sca1 transcriptome (Fig 3G)
identified few clusters of genes belonging to a restricted number of biological processes, as
evaluated by GO analysis (S5D, S5E and S5F Fig). Specifically, cluster I mainly included adipo-
genic markers (S5D Fig), such as AdipoQ, Fabp4, Adig, which were highly expressed in
α7Sca1 cells. These markers were also induced in SCs DT compared to SCs CTRL (Fig 2G),
although hidden in the heat map by the impressive expression in α7Sca1 cells.
Moreover, a second cluster (cluster II) was represented by genes downregulated in SCs DT
and not expressed in α7Sca1 cells, mainly involved in cell proliferation, cell adhesion and regu-
lation of cell differentiation (S5E Fig, Fig 2A, 2E and 2F). On the contrary, the last group (clus-
ter III) included genes strongly upregulated in SCs DT and repressed in α7Sca1 cells; these
genes are essentially involved in muscle development and differentiation (S5F Fig and Fig 2D).
Transcriptome analysis and comparison suggest that SCs DT show the expression of non
muscle-related genes, mainly adipogenic markers, and the repression, among others, of prolif-
erative genes, an expression profile in common with α7Sca1 cells; instead SCs DT share the
expression of muscle-related genes with SCs CTRL, in particular, showing an upregulation of
the late ones.
α7Sca1 cells derive from SCs upon MF depletion in dystrophic muscles
The transcriptome data suggested that α7Sca1 cells could derive from an adipogenic conver-
sion of SCs in the dystrophic muscles as a consequence of the absence of signals derived from
MFs. To investigate this hypothesis, we performed a transplantation experiment in order to
Cross-talk between macrophages and muscle stem cells
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008408 October 18, 2019 9 / 29
Fig 3. A novel cell population revealed in dystrophic muscles upon MF depletion. (A) FACS plot representation of cell sorted from muscles of
mdxITGAM-DTR mice. Cells were first separated into hematopoietic lineage positive (Lin+) and negative (Lin-) (Lin: CD45, CD31 and Ter119) cells.
SCs and FAPs were sorted as described in S1C Fig. A double positive cell population α7+/ Sca1+/Lin- (α7Sca1 cells), was sorted from DT-injected
mdxITGAM-DTR mice and was not significantly detectable in PBS-injected mdxITGAM-DTR mice. (B-C) Graphs showing the percentage of α7Sca1
cells (B) and FAPs (C) sorted from mdxITGAM-DTR mice injected with PBS (CTRL) or DT. The percentages are reported as relative to whole
mononucleated cells. Values are mean ± SEM (n = 3 or 4 biological replicates for each experimental group; each replicate was the pool of 2 mice);
unpaired t test was used for comparison (�, P<0.05; ��, P<0.01). (D) Representative images of in vitro culture of α7Sca1 cells isolated from
mdxITGAM-DTR mice injected with PBS (CTRL) or DT. The cells were cultured both in FAPs growth medium and in SCs growth medium for 36 hours
and then cells were stained by Oil Red O dye and counterstained with Hamatoxilin. Scale bar = 50 μm (E) Total RNA from α7Sca1 cells derived from
DT- injected mdxITGAM-DTR mice was used for RNA-Seq (n = 2 biological replicates for each experimental group; each replicate was the pool of 2
mice). Selected representative GO biological processes in highly expressed genes (RPKM�30) of α7Sca1 cells identified by DAVID 6.8 are shown.
The graph displays for each GO term the obtained p value (expressed as −log10) on the x axis and the number of genes included (count), on the y
axis. (F) Expression analysis by qRT-PCR of adipogenic markers in SCs and α7Sca1 cells isolated from DT-injected mdxITGAM-DTR mice. The data are
reported as relative to housekeeping gene TBP, and represented as mean ±SEM (n = 3 biological replicates for each experimental group; each
replicate was the pool of 2 mice); unpaired t test was used for comparison (��, P<0.01; ���, P<0.001). (G) Heat map of 727 deregulated genes in SCs
(DEGs DT vs CTRL) isolated from mdxITGAM-DTR mice identified by RNA-Seq, compared to the expression pattern in α7Sca1 cells. The heat map
shows the differential expression of DEGs in SCs and α7Sca1 cells as relative to the mean expression value of all six samples.
https://doi.org/10.1371/journal.pgen.1008408.g003
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follow the fate of SCs and FAPs in mdxITGAM-DTR mice upon MF depletion. Specifically, as
schematically reported in Fig 4A, SCsGFP and FAPsGFP cells were purified from mdxGFP mice
as α7+/Sca1-/Lin- and Sca1+/α7-/Lin-, respectively (S6A Fig). SCsGFP or FAPsGFP cells were
transplanted in GA and TA muscles of mdxITGAM-DTR mice, which were then injected with
DT, or PBS as vehicle, following the standard schedule to yield a 15-day long period of MF
depletion. The engraftment of transplanted SCsGFP and FAPsGFP cells was verified by perform-
ing anti-GFP immunofluorescence both in transplanted mdxITGAM-DTR mice (Fig 4B) and in
non transplanted mdxITGAM-DTR mice upon PBS- or DT injection (S6B Fig). GFP staining fur-
ther recapitulated the evidences reported above about the effect of MF depletion on endoge-
nous SCs and FAPs: SCs decreased and FAPs increased upon MF depletion (Fig 4B).
Moreover in DT-injected mice, SCsGFP showed a non-canonical localization, interstitial
instead of juxtaposed to muscle fibers, compared to the classical localization of SCsGFP in con-
trol mice, suggesting drastic changes in SC identity induced by MF depletion.
We then performed a cytofluorimetric analysis to follow the appearance of α7Sca1 popula-
tion and to check for the presence of α7Sca1GFP cells both in SCsGFP and FAPsGFP transplanted
mdxITGAM-DTR mice. This analysis clearly demonstrated that endogenous α7Sca1 cells were
present both in SCsGFP and FAPsGFP transplanted mice at comparable extent upon DT injec-
tion, as was expected (Fig 4C); however, α7Sca1GFP cells were detectable only in the animals
transplanted with SCsGFP and upon MF depletion (Fig 4D and 4E), but not in muscle trans-
planted with FAPsGFP (Fig 4D and 4E). Moreover, we co-stained muscle cryosections from
SCsGFP- and FAPsGFP- mdxITGAM-DTR transplanted mice or mdxITGAM-DTR non transplanted
mice with GFP and Perilipin, an adipogenic marker, and we found the presence of double
positive GFP-Plin cells only in SC-transplanted and DT-injected mdxITGAM-DTR mice (Fig 4F
and 4G).
These results suggest that the α7Sca1 cells may originate from SCs undergoing an identity
shift towards an adipogenic fate in a dystrophic MF-depleted environment.
MFs rescue SC differentiation defects via IL-10 signalling
Ingenuity Pathway Analysis (IPA) of DEGs in SCs upon MF depletion was used to predict
candidate upstream regulators that could be responsible for the observed gene expression
changes and differentiative defects of SCs DT compared to SCs CTRL. Looking at specific cate-
gories of upstream regulators, this study suggested a deregulation of many signals presumably
derived from MFs in dystrophic muscles. Among these upstream regulators, IL-10 signalling
was predicted as down-regulated, both in terms of cytokine and transmembrane receptor (Fig
5A and 5B), in the absence of MFs as a known source of IL-10. Several papers highlighted an
involvement of IL-10 in regeneration of dystrophic muscles [55–57]. To verify the direct effect
of MFs on SC differentiation defects in our model and to test the involvement of IL-10 signal-
ling, we either co-cultured SCs CTRL or SCs DT with MFs derived from mdxITGAM-DTR con-
trol mice or treated SCs cells with the cytokine IL-10 (Fig 5C and 5D). The measurement of
muscle differentiation indexes demonstrated that the differentiation defects observed in SCs
DT cultured ex-vivo could be rescued by the interplay with MFs and by the IL-10 activity (Fig
5E and 5F).
We also confirmed the importance of the SCs- MFs cross-talk via IL-10 signalling by using
a blocking antibody anti-IL10 in the co-culture of SCs CTRL or SCs DT with MFs (Fig 5G and
5H); indeed, the ability of MFs to rescue the differentiation defects SCs DT was prevented by
blocking IL-10 derived from MFs (Fig 5I and 5J).
Moreover, we evaluated the effects of daily intramuscular IL-10 injections in MF-depleted
mdxITGAM-DTR mice, following the experimental scheme reported in Fig 5K. The muscle
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Fig 4. α7Sca1 cells derive from SCs upon MF depletion in dystrophic muscles. (A) Schematic representation of
transplantation experiment. A detailed description is reported in the Results section. (B) Representative images of
double staining anti-caveolin (red) and anti-GFP (green) of TA cryosections of mdxITGAM-DTR mice transplanted with
SCsGFP and FAPsGFP and injected with PBS (CTRL) or DT. Nuclei were counterstained with DAPI (white); n = 3
animals for each experimental group. Scale bar = 50 μm. (C) Percentage of α7Sca1 cells purified from Lin- cell
population of PBS or DT-injected mdxITGAM-DTR mice transplanted with SCsGFP and FAPsGFP; the percentage of
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architecture appeared improved in terms of cell infiltration (S7A Fig) and the extent of fibrosis
showed a slight, though not significant, decrease (S7B and S7C Fig); on the other hand, fat
deposition of DT-injected mice was not altered by IL-10 injection (S7D Fig). The FACS analy-
sis of muscle resident cell populations revealed no effects of IL-10 on SC number (S7E Fig)
while the α7Sca1 cells were still present and showed the expected adipogenic phenotype (S7F
Fig), indicating that IL-10 does not influence the decrease of SCs and the appearance of
α7Sca1cells induced by MF-depletion. However, the ex vivo culture and differentiation of SCs
demonstrated that the in vivo treatment of mdxITGAM-DTR mice with IL-10 counteracts the
negative effects of MF depletion on SC differentiative potential (Fig 5L, 5M and 5N).
These data suggest that SC cell differentiation and fate choice are directly dependent on sig-
nals derived by MFs and IL-10 plays a crucial role in mediating the SCs-MFs cross-talk.
Discussion
Our study provides new insight into the impact of the cross-talk between MFs and SCs on cel-
lular plasticity of SCs and, as a consequence, on the regenerative potential of dystrophic mus-
cles. Our data are based on a new mouse model of transient and local depletion of MFs in
dystrophic mdx mice, achieved by DT injection (mdxITGAM-DTR mice). By using this mouse
model, we demonstrate the need of MFs to maintain SC cell fate and counteract muscle
degeneration of dystrophic muscles. The results show that MF depletion determines an exac-
erbated dystrophic phenotype associated with increased fat deposition and fibrosis, reduction
of SC number and the appearance of a cell population with adipocyte-like phenotype. Interest-
ingly, the SC phenotype was deeply affected, both in terms of self-renewal and differentiation,
and in terms of cell fate choice. In fact, MF depletion not only caused reduced proliferation
and precocious myogenic differentiation of SCs associated with defects in the formation of
mature myofibers, but also promoted a shift to adipogenic differentiation which suggested that
MFs can orchestrate the SC cell fate during regeneration of dystrophic muscles.
Thus, beside the cell autonomous commitment of SCs, other cell populations recruited in
regenerating muscles affect the SC fate in a non-cell autonomous manner.
Specifically, in our dystrophic model of MF depletion SCs appear to move from the classic
position under the basal lamina toward an interstitial localization and they acquire an adipo-
genic expression pattern (Figs 1C, 2A, 2G and 4B), suggesting a loss of identity of SCs culmi-
nating into mesenchymal-adipogenic conversion. SCs are known to hold mesenchymal
plasticity that enables them to commit towards a mesenchymal differentiation program as an
alternative to myogenesis [50,58] and recent papers postulated the acquisition of mesenchy-
mal-like characteristics and fibrogenic conversion of SCs linked to increased TGF-β signaling
in advanced stages of dystrophy [11,12]. A similar process could also lead to adipogenesis. The
alternative cell fate, muscular or adipogenic, of SCs has been well characterized [49,52,53,58];
α7Sca1 cells is reported as relative to whole mononucleated cells; n = 3 animals for each experimental group; each
replicate was the pool of 2 mice; unpaired t test was used for comparison (�, P<0.05; ��, P<0.01). (D) Representative
FACS plot showing α7Sca1 GFP+ cells sorted from PBS (CTRL) or DT-injected mdxITGAM-DTR mice transplanted with
SCsGFP or FAPsGFP. (E) Graph reporting the percentage of α7Sca1 GFP+ cells sorted from PBS or DT-injected
mdxITGAM-DTR mice transplanted with SCsGFP or FAPsGFP; the percentage of α7Sca1 GFP+ cells is reported as relative
to whole mononucleated cells; n = 3 animals for each experimental group; each replicate was the pool of 2 mice;
unpaired t test was used for comparison (�, P<0.05). (F, G) Representative images of triple staining anti-perilipin
(Plin) (red), anti-GFP (green), anti-caveolin (cyan) of TA cryosections of mdxITGAM-DTR mice not subjected to cell
injection or transplanted with SCsGFP and FAPsGFP and injected with PBS (CTRL) or DT. Nuclei were counterstained
with DAPI (white); n = 3 animals for each experimental group. Scale bar = 50 μm. (G) Graph reporting the
quantification of total Plin+ cells and double Plin+/GFP+ cells, represented as stacked columns and reported as mean
number per field (n) ±SEM (n = 3–5 biological replicates for each experimental group).
https://doi.org/10.1371/journal.pgen.1008408.g004
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Fig 5. MFs rescue SC differentiation defects via IL-10 signalling. (A, B) Ingenuity Pathway Analysis (IPA) of DEGs in
SCs (DT vs CTRL) derived from mdxITGAM-DTR mice. The activation state of representative cytokines (A) and
transmembrane receptors (B) is reported in the graphs with the relative Z-score. (C, D) Representative images of MyHC
staining of differentiated SCs isolated from mdxITGAM-DTR mice injected with PBS (CTRL) or DT and co-cultured with
MFs purified from PBS (CTRL) injected mdxITGAM-DTR mice and seeded in an upper transwell or treated with
recombinant cytokine IL-10. The cells were cultured in growth medium (GM) for 48 hours and then shifted in
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however our data provide the first demonstration that the adipogenic choice of SCs is depen-
dent on SCs-MFs cross-talk. In particular, co-culture experiments and genome-wide expres-
sion profiles of SCs freshly sorted from MF-depleted dystrophic muscles showed a strong
reduction in the expression level of MyoD and Myf5 (Fig 2C), whose activity is essential not
only to induce muscle differentiation but also to repress the alternative adipogenic cell fate of
muscle progenitor cells [49,50]. Furthermore, in MF-depleted dystrophic muscles, FACS anal-
ysis identified a novel cell population referred to as α7Sca1 cells since they are positive for both
α7int and Sca1, which are surface markers specifically expressed by SCs and mesenchymal pre-
cursors (FAPs), respectively. However, it’s worth noting that a recent paper demonstrated that
SCs are not the only muscle cells expressing α7-integrin [59]. The ex vivo culture and the tran-
scriptome of α7Sca1 cells revealed an adipogenic-like phenotype. However, the comparison of
α7Sca1 transcriptome with published datasets of brown and white adipose tissue (GSE56367)
[54] confirmed that α7Sca1 cells have a substantially different expression pattern (S7G Fig),
supporting the hypothesis that these cells represent a novel pathological muscle-specific cell
population possibly contributing to the observed fat accumulation and exacerbation of dystro-
phic phenotype. A detailed study is required to strictly verify this hypothesis. Transplantation
in mdxITGAM-DTR mice of tracing SCsGFP or FAPsGFP derived from mdxGFP mice revealed that
α7Sca1 cells originate from SCs that acquire adipogenic markers in a MF-depleted dystrophic
environment. However, independently of the detrimental effects of adipocyte-like α7Sca1
cells, the conversion of SCs to α7Sca1 cells exert negative effects on the dystrophic phenotype
as SCs are exhaustible and indispensable for proper muscle regeneration.
Overall, our data suggest that MFs control the cell fate and, in turn, the regenerative poten-
tial of SCs in dystrophic muscles. Specifically, transient MF depletion in a dystrophic mouse
model determines loss of identity and adipogenic conversion of SCs, thus resulting in the
exhaustion of the stem cell pool and exacerbated dystrophic phenotype.
A caveat to the interpretation of the data is that the effects of MF depletion on muscle
regeneration could also be due to a different balance of inflammatory components in the
muscle environment generated by MF depletion. For instance, we measured an increase in
neutrophil number upon MF depletion, an increase potentially contributing to exacerbate the
dystrophic phenotype [60]. However, the co-culture experiments demonstrated that the differ-
entiation defects of SCs are a direct consequence of the absence of signals derived from MFs.
differentiation medium (DM) for further 48h. Both GM and DM medium contained recombinant IL-10. Nuclei were
counterstained with DAPI (blue). Scale bar = 100 μm. (E, F) Graphs showing the quantification of two skeletal muscle
differentiation parameters: fusion index (percentage of nuclei within myotubes: myotube = nuclei� 2) and myotube size
(mean of number of nuclei into myotubes). Data are represented as mean ± SEM (n = 4 independent experiments); one-
way ANOVA was used for comparison (�, P<0.05; ��, P<0.01). (G, H) Representative images of MyHC staining of
differentiated SCs isolated from mdxITGAM-DTR mice injected with PBS (CTRL) or DT and co-cultured with MFs purified
from PBS (CTRL) injected mdxITGAM-DTR mice and seeded in an upper transwell. The co-culture was treated with IgG
(MFs+IgG) or an antibody anti-IL-10 (MFs +AbhIL-10). The cells were co-cultured in growth medium (GM) for 48 hours
and then shifted in differentiation medium (DM) for further 48h. Nuclei were counterstained with DAPI (blue). Scale
bar = 100 μm. (I, J) Graphs showing the quantification of two skeletal muscle differentiation parameters: fusion index
(percentage of nuclei within myotubes: myotube = nuclei� 2) and myotube size (mean of number of nuclei into
myotubes). Data are represented as mean ± SEM (n = 3 independent experiments); one-way ANOVA was used for
comparison (�, P<0.05). (K) Experimental scheme for 15-day MF depletion combined with IL-10 treatment in
mdxITGAM-DTR mice. DT was administered by intramuscular (im) injection every 4 days in 10 week-old mice, as described
in S1B Fig. Either IL-10 or PBS, as control, were injected daily in TA and GA muscles of DT-injected mdxITGAM-DTR mice.
(L, M, N) Representative images of MyHC staining of SCs isolated from mdxITGAM-DTR mice injected with DT and PBS
(DT) or DT and IL-10 (DT+IL-10) and differentiated ex-vivo. The cells were cultured in growth medium for 48 hours and
then shifted in differentiation medium for a further 48h. Nuclei were counterstained with DAPI (blue). Scale bar = 100 μm.
In the graphs are reported the quantification of fusion index (percentage of nuclei within myotubes: myotube = nuclei�2)
and myotube size (mean of number of nuclei into myotubes). Data are represented as mean ± SEM (n = 3 independent
experiments); unpaired t test was used for comparison (�, P<0.05).
https://doi.org/10.1371/journal.pgen.1008408.g005
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Independently from a discrimination between a direct or indirect effect of MF activity, clearly
the drastic imbalance of the inflammatory populations in the dystrophic muscle niche upon
MF depletion determines severe effects on regeneration, highlighting a crucial role of the
interplay between SCs and MFs to limit the degeneration and extend the regenerative poten-
tial of dystrophic muscles.
These findings and other studies confirm the point that, besides the previously proven ben-
eficial effects of anti-inflammatory drugs on the dystrophic phenotype, the use of broad, non-
specific anti-inflammatory approaches could be even detrimental to muscle regeneration by
interfering with the pro-regenerative cross-talk between the immune system and muscle resi-
dent cells [55,61]. Although the exact mechanism by which MFs control the cell fate of SCs
remains to be understood, the activity of MFs is very likely to be involved in defining SCs cell
identity. SCs derived from MF-depleted muscles and cultured ex vivo showed differentiation
defects in terms of myotube formation, suggesting an imprinted memory resulting from envi-
ronmental cues. However, this imprinting appears to be reversible; in fact, it is partially res-
cued by ex vivo co-culture with MFs or by treatment with recombinant IL-10 cytokine.
Previously, several reports suggested a critical role of IL-10 in the regeneration of dystrophic
muscles [55–57]. In our study, IL-10 pathway was predicted as being inhibited in SCs DT and
ex vivo experiments confirmed that IL-10 signalling is involved in modulating proper SC dif-
ferentiation; indeed, the differentiation defects of SCs DT are partially rescued by IL-10, sug-
gesting that SC activity could be dependent on an appropriate regulation of the IL-10 pathway.
The characterization of MF-mediated signalling pathways involved in modulating self-
renewal, commitment and differentiation of SCs could be therapeutically exploited to increase
the regenerative potential of SCs. Considering the reported results, therapeutic approaches tar-
geting MFs in dystrophic muscles should be accurately evaluated in terms of their effect on
SCs-MFs cross-talk and on SC cell fate choice.
Materials and methods
Mouse models
Housing, experimental protocols and procedures were conducted following guidelines of the
institutional Animal Research Ethical Committee at Fondazione Santa Lucia (FSL) according
to the Italian Ministry of Health and complied with the NIH Guide for the Care and Use of
Laboratory Animals.
mdx mice (C57BL/10SCSN-DMDmdx/J) were purchased by Charles River, Italy. Both male
and female mice at 10–12 weeks of age were used for the experiments described and they were
randomly assigned into experimental groups, including the same number of male and female
mice in each group.
mdxITGAM-DTR mice were generated in our laboratory by crossing mdx mice with
ITGAM-DTR mice (B6.FVB-TG-ITGAM-DTR/EGFP-34LAN/J) obtained from The Jackson
Laboratory), following the breeding strategy reported in S1A Fig. For each generation we per-
formed genotyping analysis to test the presence of ITGAM transgene by standard PCR (See S1
Table for primer sequences). Homozygous mdxITGAM-DTR were selected by qPCR (See S1
Table for primer sequences).
Homozygous mdxITGAM-DTR, both male and female mice at 10–12 weeks of age were used
for the experiments described and they were randomly assigned into experimental groups,
including the same number of male and female mice in each group.
mdxGFP mice were generated in the lab of M. Bouche´ (Sapienza University of Rome) by
breeding mdx mice, C57BL/10ScSn-Dmdmdx/J, with GFP expressing mice (C57BL/6-Tg
(UBC-GFP)30Scha/J, The Jackson Laboratory), where the expression of the GFP protein is
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under the control of the housekeeping Ubiquitin C promoter. Those mice which resulted
homozygous for the mutant dystrophin gene, by gene sequencing, and positive for GFP, by tail
staining, were bred to maintain the colony. GFP expression was verified in the offspring,
before use.
mdxITGAM-DTR and mdx mice (as control reference) were treated with Diphtheria Toxin
(DT; Sigma-Aldrich Cat#: D0564) in order to deplete macrophages. DT was dissolved at 2.5
ng/ml in PBS and injected in TA (10 μl, single injection) and in GA (10 μl, two injections)
muscles. DT injection has been repeated every 4 days. 15 days after the first DT injection, the
animals were sacrificed by cervical dislocation. Control mice were injected with the same vol-
ume of the vehicle PBS following the same schedule. A schematic description of experimental
schedule is reported in S1B Fig. TA muscles were collected for histological analyses, RNA and
protein extraction. GA muscles were used for isolation of primary cells, as described below.
For the experimental scheme in S1B Fig, Figs 4A and 5K, we modified a mice picture derived
from a published paper [62].
IL-10 was dissolved in PBS and injected daily (0.25 μg/day) in TA (10 μl, single injection)
and in GA (10 μl, two injections) muscles. Control mice were injected with the same volume
of the vehicle PBS following the experimental schedule reported in Fig 5K. When both DT and
IL-10 were scheduled, one of the two injections was performed 8 hours later.
FACS isolation and culture
Satellite cells (SCs), fibroadipogenic progenitors (FAPs), macrophages (MFs), and α7Sca1
cells were purified by FACS and cultured ex vivo, or used for cell transplantation experiments.
Hind limb muscles isolated from experimental mice were finely minced with sharp scissors
and used for primary cell isolation. Specifically, minced GA muscles were digested in an enzy-
matic cocktail containing Collagenase A (2 μg/mL), Dispase I (2.4 U/mL), DNase I (10 ng/mL)
in PBS supplemented with Ca2+ and Mg2+, at 37 ˚C under gentle agitation, for 1 hour. The
digestion solution was diluted by adding HBSS supplemented with 0.2% BSA and then the
samples were filtered through 40 μm cell strainer (Falcon). Pelletted cells were then resus-
pended in HBSS + 0.2% BSA and stained with the following antibodies: 1:50 CD31-Pacific
blue (Life Technologies Cat#: RM5228, clone # 390), 1:50 CD45-Pacific blue (eBioscience,
Cat#: MCD4528, clone #30-F11), Ter119-Pacific blue (eBioscience, Cat#: 48-5921-82, clone
TER-119), 1:200 CD11b-PECy7 (BD Biosciences, cat#552850, clone M1/70), 1:50 F480-PE
(ThermoFisher Cat#: 14-4801-81, clone BM8), 1:500 α7-integrin-APC-647 (Alexa-Fluor 647;
AbLab Cat#: AB10RS24MW215, clone R2F2), 1:50 Sca1-FITC (eBioscience, Cat#: 11-5981-81
clone D7), 1:200 Gr1-APC-e780 (eBioscience, BMS47-5931-80). Resuspended cells were also
labelled with 1:200 LIVE/DEAD-Pacific orange dye (Fixable Aqua Dead Cell Stain Kit, for 405
nm excitation) in order to discard dead cells at the moment of FACS analysis. Briefly, primary
cells were purified by Beckman Coulter MoFlo High Speed Sorter (Software Summit V4.3.01)
and analyzed using FloJo software (Software FlowJo, LLC,Treestar, CA, USA, v. 10.4.2) as fol-
lows: cells were first separated in Lineage (Lin: CD31, CD45, Ter119) positive and negative
cells. SCs were isolated as Lin-/Sca1- /α7+ cells; FAPs were isolated as Lin-/Sca1+/α7- cells;
MFs were isolated as Lin+/Sca1-/α7-/CD11b+/F480+ cells; neutrophils were gated as Lin+/
Sca1-/α7-/CD11b+/Gr1+ cells.
SCs were seeded on gelatin-coated plates (Stem Cell Technologies) at low density (2500
cells/cm2) and cultured in SC growth medium containing high-glucose (4500 mg/L) DMEM-
GlutaMAX (Gibco) supplemented with Penicillin-Streptomycin (ThermoFisher), 20% (v/v)
horse serum (Gibco), 10% (v/v) fetal bovine serum (Gibco), 1% (v/v) Chicken Embryo Extract
(Seralab CE-650-J), for 4 days, with a change of medium after 2 days. Afterwards, SCs were
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shifted in low-serum medium (differentiation medium) containing high-glucose (4500 mg/L)
DMEM-GlutaMAX (Gibco) supplemented with Penicillin-Streptomycin (ThermoFisher), 2%
(v/v) horse serum (Gibco), 0.5% (v/v) Chicken Embryo Extract (Seralab CE-650-J) for 2 days.
For high-density differentiation assay freshly sorted SCs were first seeded at low density
(2500 cells/cm2) in growth medium for 4 days. The cells were then detached, pooled and plated
at high density (60000 cells/ cm2) in growth medium for a few hours and once adhered, the
cells were shifted in differentiation medium for 2 days.
For co-culture experiments MFs from control (PBS-injected) mice were seeded in an
upper transwell with 1.0 μm pore (Falcon, #353104; Sarstedt) containing high-glucose (4500
mg/L) DMEM-GlutaMAX (Gibco) supplemented with Penicillin-Streptomycin (Thermo-
Fisher), 20% (v/v) horse serum (Gibco), 10% (v/v) fetal bovine serum (Gibco), 1% (v/v)
Chicken Embryo Extract (Seralab CE-650-J) for 2 days and then the transwell were transferred
on seeded SCs and maintained in growth medium for 2 additional days before the shift in dif-
ferentiation medium for 2 days. SCs and MFs were co-cultured with a ratio SCs: MFs = 1:3.
Where described growth medium and differentiation medium were supplemented with
2.5 μg/ml of IgG (S2 Table) or an antibody anti IL-10 (S2 Table).
Where described, SC growth and differentiation media were supplemented with 50 ng/ml
of recombinant IL-10 (Peprotech Cat#: 210–10), dissolved in 0.1% BSA. Media of control cells
were supplemented with 0.1% BSA. Specifically IL-10 was added to the growth medium 2 days
following plating and then replaced at the moment of the shift in differentiation medium (day
4). The cells were then maintained in differentiation medium for 2 days. Cultured cells were
fixed in 4% Paraformaldehyde (BDH).
α7Sca1 cells were seeded on gelatin-coated dishes either in SC growth medium or in FAP
growth medium (Cyto-Grow; Resnova TGM-9001-A), for 2 days. Cultured cells were then
fixed in 4% Paraformaldehyde (BDH).
Histological analysis and immunohistochemistry
TA muscles from mdxITGAM-DTR and mdx mice were isolated, embedded in OCT (Tissue-
Tek) and frozen in liquid nitrogen-cooled isopentane (Sigma-Aldrich). Embedded muscles
were then sectioned into 8 μm sections on a Leica cryostat (Leica CM1850UV).
For hematoxylin-eosin staining, muscle sections were fixed with 4% paraformaldehyde
(BDH) and then stained with hematoxylin and eosin (Hematoxilyn: Sigma-Aldrich Cat#:
HHS32; Eosin: Sigma-Aldrich Cat#: HT110332) dyes, followed by sequential dehydratation in
75%, 90%, 100% ethanol (Sigma-Aldrich) and xylene (Sigma-Aldrich) and mounted with
EUKITT (Sigma-Aldrich Cat#: 03989).
For Oil Red O (ORO) staining, muscle sections and cells were fixed with 4% PFA (BDH)
for 1 h or 10’ respectively, washed, dehydrated in 60% Isopropanol (Merck), stained in ORO
dye (Sigma-Aldrich Cat#: O0625, Sigma-Aldrich), counterstained with Hematoxilin and then
washed. Muscle sections were mounted with 10% glycerol (Sigma-Aldrich).
For Sirius Red, muscle sections were fixed with Bouin’s solution (Sigma-Aldrich Cat#:
HT10132) for 1 h, washed and then stained with Picro-Sirius Red dye (Sigma-Aldrich Cat#: CI
35780) for 1h, followed by sequential dehydration in 90%, 100% ethanol and xylene and then
mounted with EUKITT (Sigma-Aldrich Cat#: 03989).
For immunofluorescence, muscle sections were fixed with cold acetone (Sigma-Aldrich)
for 1’, air-dried and washed. PBS (Gibco) was used for all washing steps both for muscle
sections and cultured cells. After blocking with 4% IgG-free BSA (Jackson Lab, 105696) in
PBS for 45’, muscle slides were incubated overnight with primary antibodies, at indicated dilu-
tions, at 4 ˚C. Samples were then washed with 1% IgG-free BSA and then incubated with an
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appropriate secondary antibody for 1 h, at room temperature. The nuclei were counterstained
with 4’,6 diamidino-2-phenylindole (DAPI; ThermoFisher Cat#: D1306) and then washed
three times.
Muscle cryosections were stained with the following antibodies at indicated dilutions: 1: 20
anti-eMyHC (DSHB: Developmental Studies Hybridoma Bank, clone F1.652); 1:400 anti-Lam-
inin (Sigma-Aldrich Cat#: L9393); 1:200 anti-Perilipin (Sigma-Aldrich Cat#: P1873): 1:400
anti-Caveolin-3 (BD Transduction Laboratories Cat#: 610420); 1:20 anti-Pax7 (DSHB: Devel-
opmental Studies Hybridoma Bank; PAX7-s); 1:150 anti-F480 (Bio-Rad Cat#: MCA497G);
1:200 anti-Col1 (AbCam Cat#: ab6308); 1:400 anti-GFP (AbCam Cat#: ab6556); 1:200 anti-
GFP (SantaCruz Cat#: 9996); 1:3 anti-Myogenin (DSHB: Developmental Studies Hybridoma
Bank, clone F5D); 1:500 anti-A2Laminin (Alexis, ALX-804-190-C100).
Cells were fixed with 4% PFA for 10’, rinsed with 50 mM Glycine (BDH) for 10’ and per-
meabilized with 0.1% Triton (Sigma-Aldrich) for 10’. Cells were then blocked with 4% IgG-
free BSA for 45’. Primary antibodies were applied to samples with indicated dilution factors
and then kept at 4 ˚C overnight. Samples were then washed with 1% IgG-free BSA and then
incubated with an appropriate secondary antibody for 1 h, at room temperature. The nuclei
were counterstained with DAPI (ThermoFisher Cat#: D1306) and washed. SCs were stained
with the following primary antibody at indicated dilutions: 1:20 anti-MyHC (MF20, DSHB:
Developmental Studies Hybridoma Bank). For cell proliferation analysis, SCs were cultured in
GM for 2 days and then EdU were added for 4 h in fresh GM before the fixation. Cells were
then stained using Click-iT EdU Alexa Fluor Imaging Kit (Thermofisher Cat# C10337) and
40,6-diamidino-2 phenylindole (DAPI). Proliferating cells were counted checking the co-locali-
zation of DAPI and EdU positivity.
Secondary antibodies: AlexaFluor 647 Goat anti-Rat IgG (H+L) (Life Technologies
A21247); Alexa Fluor 594 Goat anti mouse (H+L) (Life Technologies A150116); Alexa Fluor
488 Goat anti mouse (H+L) (Life Technologies A32723); Alexa Fluor 488 Goat anti rabbit
(H+L) (Life Technologies A-11034); Alexa Fluor 594 Goat anti rabbit (H+L) (Life Technolo-
gies A-11012).
Image acquisition was performed by Nikon Upright fluorescent microscope (Nikon
DXM1200F), Leica DM IL (Camera “Leica DFC420 C” Software:Leica Application Suite v2.6.0
R1), Nikon ECLIPSE TE2000-E (Camera: Nikon D-Eclipse C1 Si, Software: NIS elements
v4.20).
All quantifications on histology and immunofluorescence analyses were performed
using ImageJ software version 1.52e (https://imagej.nih.gov/ij/download.html). Specifically,
the quantification of ORO and Sirius Red positive area was performed on 7–9 fields/
section of TA muscle, corresponding to approximatively 80%-90% of whole muscle cross
section.
Cell transplantation experiments
For cell transplantation experiments, SCsGFP and FAPsGFP isolated from 8–12 week-old
mdxGFP mice, by FACS as described above. Then the cells were injected in TA and GA muscles
of 10 week-old mdxITGAM-DTR. Specifically 4x104 sorted SCsGFP or FAPsGFP were transplanted
into left or right TA muscles, respectively, few hours before inducing 2-week long MF deple-
tion by DT injection, as described above. Control mice were injected with the vehicle PBS after
cell transplantation. PBS/DT injection were repeated every 4 days and 15 days after cell trans-
plantation and first PBS/DT injection, the mice were sacrificed. TA muscles were collected for
histological and immunohistochemistry analyses; GA muscles were used for analysis of pri-
mary cell populations by FACS.
Cross-talk between macrophages and muscle stem cells
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008408 October 18, 2019 19 / 29
Expression analysis by RT-qPCR
Total RNA from whole muscles was obtained by homogenizing TA muscles with a tissue
homogenizer (Tissue Ruptor Qiagen Cat #: 990890) in TriReagent (Sigma-Aldrich Cat#:
T9424). The RNA extraction was performed following TriReagent manufacturer’s protocol.
Total RNA from freshly sorted cells was extracted with RNeasy Plus Micro kit (Qiagen
Cat#: 74004) or RNeasy Plus Mini kit (Qiagen Cat#: 74104) following manufacturer’s protocol.
RNA was quantified with NanoDrop (Thermo Scientific NanoDrop 2000C).
For mRNA analysis, 50–500 ng of RNA was retrotranscribed with random primers and RT
kit (Thermo Fisher Cat#: 8080234). qPCR analysis was performed with SYBR Green Master
Mix (Eppendorf, Primer Design Cat#: T PRECPLUS-R-SY) and using primer pairs manually
designed with Primer3 (primer3.ut.ee). The reactions were run on 7900HTABI prism PCR
machine (Applied Biosystems). All the murine expression primers used in this study span an
exon-exon junction. The sequences of murine expression oligonucleotides for qPCR are listed
in S1 Table.
All values were obtained in duplicate or triplicate and the analysis of output values was
made using standard ΔΔCt method.
RNA-Sequencing: Libraries, sequencing and analysis
RNA-Seq was performed on biological duplicates of freshly isolated SCs (3.5x105 and 4x105
cells for PBS condition; 1.9x105 and 2,5x105 cells for DT condition) and α7Sca1 cells (3.7x104
and 8x104 cells for DT condition), using the SMART-seq2 protocol [63] with minor modifica-
tions. Each biological sample derived from the pool of GA muscles of two mice. Briefly, 5 ng of
total RNA extracted with Qiagen RNeasy micro kit (Qiagen Cat#: 74004) was retro transcribed
with oligo dT and LNA-containing template-switching oligo (TSO). The resulting cDNA was
pre-amplified, purified and tagmented with Tn5 transposase produced in-house using a
described protocol [64]. cDNA fragments generated after tagmentation were gap-repaired,
tagged and enriched by PCR. The final cDNA library was purified with SPRI beads (Beckman-
Coulter Agencourt AMPure XP, Cat#: A63881), measured with a Qubit fluorometer and
sequenced on a Hiseq2000 Illumina platform.
HTS-flow framework [65] was used to perform the alignment of raw reads (50 bp single-
end reads) determining absolute and differential gene expression. Raw reads (FastQ files) were
aligned to the Mus Musculus reference genome (NCBI37/mm9) using topHat (version 2.0.6);
the absolute expression is quantified by calculating RPKMs (reads per million library size, per
kb of transcript size); differential expression is determined using the DESeq2 Bioconductor
library, with standard parameters (adjusted p-value lower than 0.05 and a maximum RPKM
expression greater than 0.25). Gene functional enrichment was performed by DAVID tool
(Version 6.8) [66,67] (https://david.ncifcrf.gov/). The analysis of Gene Ontology (GO) terms
was restricted to the terms with adjusted P-value lower than 0.05. The prediction of deregu-
lated pathways and upstream regulators was performed by software IPA (Ingenuity Pathway
Analysis; https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/).
Statistical analysis
All quantitative data are presented as mean ± standard error mean (SEM), represented as error
bars. The statistical significance was assessed by using either a two-tailed, unpaired Student’s t
test to calculate differences between two groups or one-way ANOVA with post-hoc test for
multiple comparisons (http://astatsa.com/OneWay_Anova_with_TukeyHSD/). P values�
0.05 were considered as statistically significant and are indicated in each figure legend;
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p values> 0.05 were considered as statistically not significant (n.s). The number of animals or
samples for each experiment is indicated in the relative figure legends.
Data and software availability
RNA-seq data have been deposited in a public database (GEO: accession number GSE134770;
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE134770).
Ethics statement
This study included vertebrate animals, specifically mouse models.
Housing, experimental protocols and procedures were conducted following guidelines of the
institutional Animal Research Ethical Committee at Fondazione Santa Lucia (FSL) according to
the Italian Ministry of Health and complied with the NIH Guide for the Care and Use of Labo-
ratory Animals. The relative obtained approval numbers are 82/2014 PR and 340/2018PR.
Supporting information
S1 Fig. MF depletion in mdxITGAM-DTR mouse model. (A) Breeding scheme followed for the
generation of mdxITGAM-DTR mice, by crossing mdx mice and ITGAM-DTR mice. (B) Experi-
mental scheme for 15-day MF depletion in mdxITGAM-DTR mice. Either DT or PBS as vehicle,
was administered by intramuscular (im) injection every 4 days in 10 week-old mice. DT was
injected at 1 ng/g body weight, one injection in Tibialis Anterior (TA) muscles and two injec-
tions in Gastrocnemius (GA) muscles, 4 injections total; the mice were sacrificed 15 days (d15)
after the first injection. (C) Flow cytometry gating strategy used to purify SCs, FAPs and MFs
from hindlimb GA muscles of mdxITGAM-DTR mice. FSC x SSC gating was used to obtain
mononuclear cells on the basis of size and granularity. Live/dead (LD) Aqua marker was used
to identify live cells (Aqua negative cells). Staining with anti-hematopoietic lineage (Lin) anti-
bodies, anti- CD31, CD45 and Ter-119 was performed to separate Lin+ from Lin-. From Lin-
subpopulation, SCs was purified as h7integrin+ (APC), which are negative for Sca1 (FITC).
FAPs was identified as Sca1+ (FITC) h7integrin- cells. From Lin+ subpopulation, macrophages,
which are CD31-, CD45+ and Ter-119- was identified as CD11b+ (PC7) and F4/80+ (PE) dou-
ble positive cells. (D-E) FACS plot showing MF population in mdxITGAM-DTR mice im injected
with PBS (CTRL) or DT. The mice were sacrificed 15 days after the first intramuscular (im)
injection of DT (1 ng/g body weight), one injection in TA muscles and two injections in GA
muscles; the DT injection has been repeated every 4 days (see Experimental scheme in S1B Fig.
MFs were sorted from TA and GA muscles as Lin+/CD11b+/F4/80+ cells; in the graph is
reported the percentage of MFs expressed as relative to whole mononucleated cells; values are
mean ± SEM; n = 6 animals for each group; unpaired t test was used for comparison (��,
P<0.01;). (F) Graph showing MF depletion in mdxITGAM-DTR mice at d3, d7, d11 along the
schedule of DT injection reported in S1B Fig. MFs were sorted from TA and GA muscles as
CD11b+/F4/80+ cells from Lin+ subpopulation; in the graph is reported the percentage of MFs
expressed as relative to whole mononucleated cells; DT samples are compared to PBS-injected
mice (CTRL) sacrificed at d11; values are mean ± SEM; n = 3 animals for each group; unpaired
t test relative to CTRL was used for comparison of each DT sample (��, P<0.01; ���, P<0.001).
(G) Representative images of double staining anti-caveolin (red) and anti-F4/80 (cyan) of TA
cryosections of mdxITGAM-DTR mice injected with PBS or DT, as described for the S1B and
S1D Fig. Nuclei were counterstained with DAPI (white); n = 6 animals for each group. Scale
bar = 100 μm. (H-I) FACS plot showing neutrophils in mdxITGAM-DTR mice im injected with
PBS (CTRL) or DT as described for the S1B and S1D Fig. Neutrophils were sorted from TA
and GA muscles as CD11b+/Ly6G+ (GR1) cells. In the graph is reported the percentage of
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neutrophils expressed as relative to whole mononucleated cells; values are mean ± SEM; n = 3
animals for each group; unpaired t test was used for comparison (��, P<0.01). (J-K) FACS plot
showing MF population in mdx mice im injected with PBS (CTRL) or DT (DT), as described
in S1B Fig. MFs were sorted from GA muscles as Lin+/CD11b+/F4/80+ cells. In the graph is
reported the percentage of MFs expressed as relative to whole mononucleated cells; values are
mean ± SEM; n = 4 animals for each group; unpaired t test was used for comparison (n.s. =
not significant).
(TIF)
S2 Fig. MF depletion compromises muscle regeneration in dystrophic mice. (A) Represen-
tative images of Hematoxilin/Eosin staining on cryosections of TA muscle derived from
mdxITGAM-DTR mice injected with PBS or DT. Scale bar = 200 μm. (B) Mean Cross Sectional
Area (CSA) of muscle fibers, measured on laminin-stained cryosections. Values are mean ±
SEM (n = 3 animals for each experimental group); unpaired t test was used for comparison (��,
P<0.01). (C) Frequency distribution of muscle fibers CSA of mdxITGAM-DTR mice injected
with PBS or DT. Values are mean ± SEM (n = 3 animals for each experimental group);
unpaired t test was used for comparison (�, P<0.05; ��, P<0.01; ���, P<0.001). (D, E) Repre-
sentative images of double staining anti-laminin (cyan) and anti-eMyHC (red) of TA cryosec-
tions of mdxITGAM-DTR mice injected with PBS or DT. Nuclei were counterstained with DAPI
(white); n = 3 animals for each experimental group. Scale bar = 100 μm. In the graph is
reported the percentage of eMyHC positive myofibers relative to total cells; values are
mean ± SEM; n = 3 animals for each experimental group; unpaired t test was used for compari-
son (���, P<0.001). (F, G) In the graphs are reported the total number of myofibers per section
(p = 0.07) (F) and the number of myonuclei/150 eMyHC+ myofibers, measured on laminin-
eMyHC co-stained cryosections. (G) Values are mean ± SEM (n = 3 animals for each experi-
mental group); unpaired t test was used for comparison (�, P<0.05). (H, I) Expression analysis
of muscle markers by qRT-PCR on whole muscle (TA) derived from mdxITGAM-DTR mice
injected with PBS or DT. Expression data are reported as relative to housekeeping gene TBP,
and represented as mean ±SEM (n = 3–7 biological replicates for each experimental group);
unpaired t test was used for comparison (�, P<0.05; ��, P<0.01).
(TIF)
S3 Fig. MF depletion increases fibrosis and fat deposition. (A-B) Representative images of
Sirius red staining on TA cryosections derived from mdxITGAM-DTR mice injected with vehicle
(CTRL) or DT as described in S1B Fig. In the graph is reported the percentage of fibrotic area;
values are mean ± SEM; n = 7 animals for each group; unpaired t test was used for comparison
(��, P<0.01). Scale bar = 200 μm. (C, D) Representative images of Oil Red O staining on TA
cryosections of mdxITGAM-DTR mice injected with PBS (CTRL) or DT; n = 7 animals for each
group. In the graph is reported the percentage of Oil Red O positive area; values are mean ±
SEM; n = 7 animals for each group; unpaired t test was used for comparison (���, P<0.001).
Scale bar = 100 μm. (E) Representative images of double staining anti caveolin (green) and
anti perilipin (red) of TA cryosections of mdxITGAM-DTR mice injected with PBS (CTRL) or
DT. Nuclei were counterstained with DAPI (white); n = 3 animals for each group. Scale
bar = 50 μm. (F) Expression analysis of fibrosis and adipogenesis markers by qRT-PCR on
whole muscle (TA) derived from mdxITGAM-DTR mice injected with PBS (CTRL) or DT.
Expression data are reported as relative to housekeeping gene TBP, and represented as
mean ± SEM (n = 6 biological replicates for each experimental group); unpaired t test was
used for comparison (�, P<0.05; ��, P<0.01; ���, P<0.001).
(TIF)
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S4 Fig. DT injection does not affect muscle regeneration in mdx mice. (A, B) Representative
images of Hematoxilin/Eosin staining on TA cryosections derived from mdx mice injected
with PBS or DT. In the graph is reported the mean of the Cross Sectional Area (CSA) of muscle
fibers, measured on laminin-stained TA cryosections of mdx mice. Values are mean ± SEM
(n = 3 animals for each experimental group); unpaired t test was used for comparison (n.s. =
not significant). Scale bar = 200 μm. (C, D) Representative images of Sirius red staining on TA
cryosections derived from mdx mice injected with vehicle (CTRL) or DT as described in S1B
Fig. In the graph is reported the percentage of Sirius Red positive area; values are mean ± SEM
(n = 4 PBS and 5 DT animals for each experimental group); unpaired t test was used for com-
parison (n.s. = not significant). Scale bar = 200 μm.
(TIF)
S5 Fig. Muscle cell populations in DT-injected mdx mice. Comparative GO analysis of SCs
and α7Sca1 cells isolated from mdxITGAM-DTR mice. (A, B, C) FACS plot showing SCs, FAPs
and α7Sca1 cell populations isolated from mdx mice im injected with PBS (CTRL) or DT
(DT). Cells isolated from GA muscles were first separated into hematopoietic lineage positive
(Lin+) and hematopoietic lineage negative (Lin-) (Lin: CD45, CD31 and Ter119) cells. SCs
and FAPs were sorted as Lin-/α7int+/Sca1- and Lin-/Sca1+/α7int-/ cells, respectively. α7Sca1
cells (α7+/ Sca1+/Lin-) was not detectable in mdx mice. In the graphs are reported the percent-
age of SCs and FAPs expressed as relative to whole mononucleated cells; values are mean ±
SEM; n = 4 animals for each group; unpaired t test was used for comparison (n.s. = not signifi-
cant). (D, E, F) Selected representative GO biological processes in Cluster I (C), Cluster II (D)
and Cluster III, as indicated in the heat map in Fig 5K and identified by DAVID 6.8. The
graph displays for each GO term the obtained p value (expressed as −log10) on the x axis and
the number of genes included (count), on the y axis. (G) Hierarchical clustering comparing
the expression patterns of SCs, FAPs, α7Sca1 cells, BAT (brown adipose tissue) and WAT
(white adipose tissue). BAT and WAT RNA-Seq samples (in triplicate) were downloaded from
the GSE56367 GEO series; raw reads were filtered and aligned to mm9 similarly to the samples
generated by us (SCs, FAPs, α7Sca1 cells), and absolute RPKMs for 21K genes were deter-
mined. Absolute RPKMs were normalized altogether.
(TIF)
S6 Fig. Transplantation of SCsGFP and FAPsGFP derived from mdx mice in mdxITGAM-DTR
mice. (A) Flow cytometry gating strategy used to purify SCsGFP and FAPsGFP from hindlimb
GA muscles of mdxGFP mice. FSC x SSC gating was used to obtain mononuclear cells on the
basis of size and granularity. GFP+ cells were stained with and with lineage-specific (Lin) anti-
bodies CD31, CD45 and Ter-119 to separate Lin+ from Lin-. From GFP+/Lin- subpopulation,
SCs was purified as h7integrin+ (APC), which are negative for Sca1 (FITC). FAPs was identi-
fied as Sca1+ (FITC) h7integrin- cells. (B) Representative images of double staining anti-caveo-
lin (red) and anti-GFP (green) of TA cryosections of mdxITGAM-DTR mice no-cell transplanted
and injected with PBS (CTRL) or DT. Nuclei were counterstained with DAPI (white); n = 3
animals for each experimental group. Scale bar = 50 μm.
(TIF)
S7 Fig. IL-10 in vivo treatment of MF-depleted mdxITGAM-DTR mice. (A) Representative
images of Hematoxilin/Eosin staining on cryosections of TA muscle derived from
mdxITGAM-DTR mice injected with DT or DT+IL-10 as described in Fig 5K. Scale bar =
200 μm. (B-C) Representative images of Sirius red staining on TA cryosections derived from
mdxITGAM-DTR mice injected with DT or DT+IL-10 as described in Fig 5K. In the graph is
reported the percentage of fibrotic area; values are mean ± SEM; n = 3 animals for each
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group; unpaired t test was used for comparison (P = 0.063). Scale bar = 200 μm. (D) In the
graph is reported the percentage of Oil Red O positive area of mdxITGAM-DTR mice injected
with DT or DT+IL-10; values are mean ± SEM; n = 3 animals for each group; unpaired t test
was used for comparison (n.s. = not significant). (E) Relative percentage of SCs sorted from
muscles of mdxITGAM-DTR mice injected with DT or DT+IL-10 as described in Fig 5K.
SCs were sorted as α7Integrin+/Sca1-/ Lin-; the percentage of cells is reported as relative to
whole mononucleated cells; values are mean ± SEM (n = 3 biological replicates for each
experimental group). (F) Representative images of in vitro culture of α7Sca1 cells isolated
from mdxITGAM-DTR mice injected with DT or DT+IL-10. α7Sca1 cells were sorted as double
positive cell population α7+/ Sca1+/Lin- The cells were cultured in SCs growth medium for
36 hours and then cells were fixed and stained by Oil Red O dye and counterstained with
Hematoxilin.
(TIF)
S1 Table. List of primers. Primers for genotyping by standard PCR or TaqMan-based qPCR;
Murine expression primers for qRT-PCR analysis.
(DOCX)
S2 Table. List of antibodies. FACS: Fluorescence-Activated Cell Sorting; IF: Immunofluores-
cence; CC: Cell Culture.
(DOCX)
S1 Data. Numerical data. Numerical data underlying graphs and statistics.
(XLS)
Acknowledgments
We would like to thank all members of F. De Santa and P.L. Puri laboratories. We thank M.
Caruso C. Mozzetta and D. Palacios for critical reading of the manuscript; V. Nicolis di Robi-
lant for proofreading; L. Rotta (Center for Genomic Sciences of IEO) for processing of
Sequencing libraries and S. De Pretis (Center for Genomic Science of IIT) for the upload of
HTS data to NCBI-GEO.
Author Contributions
Conceptualization: Luca Madaro, Alessio Torcinaro, Francesca De Santa.
Data curation: Luca Madaro, Alessio Torcinaro.
Formal analysis: Luca Madaro, Alessio Torcinaro, Federica F. Contino, Mattia Pelizzola,
Francesca De Santa.
Funding acquisition: Luca Madaro, Francesca De Santa.
Investigation: Luca Madaro, Alessio Torcinaro, Marco De Bardi, Federica F. Contino, Giu-
seppe R. Diaferia, Giulia Imeneo.
Methodology: Luca Madaro, Alessio Torcinaro.
Project administration: Francesca De Santa.
Resources: Marina Bouchè, Pier Lorenzo Puri, Francesca De Santa.
Software: Mattia Pelizzola.
Supervision: Luca Madaro, Alessio Torcinaro, Francesca De Santa.
Cross-talk between macrophages and muscle stem cells
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008408 October 18, 2019 24 / 29
Validation: Alessio Torcinaro, Federica F. Contino.
Writing – original draft: Francesca De Santa.
Writing – review & editing: Pier Lorenzo Puri, Francesca De Santa.
References
1. Dalkilic I, Kunkel LM. Muscular dystrophies: genes to pathogenesis. Curr Opin Genet Dev [Internet].
2003 Jun; 13(3):231–8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/12787784 https://doi.org/
10.1016/s0959-437x(03)00048-0
2. Evans NP, Misyak SA, Robertson JL, Bassaganya-Riera J, Grange RW. Dysregulated intracellular
signaling and inflammatory gene expression during initial disease onset in Duchenne muscular
dystrophy. Am J Phys Med Rehabil [Internet]. 2009 Jun; 88(6):502–22. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/12787784 https://doi.org/10.1097/PHM.0b013e3181a5a24f PMID:
19454857
3. Mann CJ, Perdiguero E, Kharraz Y, Aguilar S, Pessina P, Serrano AL, et al. Aberrant repair and fibrosis
development in skeletal muscle. Skelet Muscle [Internet]. 2011 May 4; 1(1):21. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/21798099 https://doi.org/10.1186/2044-5040-1-21
4. Mauro A. Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol [Internet]. 1961 Feb; 9:493–5.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/13768451 https://doi.org/10.1083/jcb.9.2.493
5. Wosczyna MN, Rando TA. A Muscle Stem Cell Support Group: Coordinated Cellular Responses in
Muscle Regeneration. Dev Cell [Internet]. 2018; 46(2):135–43. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/30016618 https://doi.org/10.1016/j.devcel.2018.06.018
6. Tierney MT, Aydogdu T, Sala D, Malecova B, Gatto S, Puri PL, et al. STAT3 signaling controls satellite
cell expansion and skeletal muscle repair. Nat Med [Internet]. 2014 Oct; 20(10):1182–6. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/25194572 https://doi.org/10.1038/nm.3656
7. Cosgrove BD, Gilbert PM, Porpiglia E, Mourkioti F, Lee SP, Corbel SY, et al. Rejuvenation of the muscle
stem cell population restores strength to injured aged muscles. Nat Med [Internet]. 2014 Mar; 20
(3):255–64. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24531378 https://doi.org/10.1038/nm.
3464
8. Almada AE, Wagers AJ. Molecular circuitry of stem cell fate in skeletal muscle regeneration, ageing
and disease. Nat Rev Mol Cell Biol [Internet]. 2016; 17(5):267–79. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/26956195 https://doi.org/10.1038/nrm.2016.7
9. Dumont NA, Wang YX, von Maltzahn J, Pasut A, Bentzinger CF, Brun CE, et al. Dystrophin expression
in muscle stem cells regulates their polarity and asymmetric division. Nat Med [Internet]. 2015 Dec; 21
(12):1455–63. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26569381 https://doi.org/10.1038/
nm.3990
10. Brack AS, Conboy MJ, Roy S, Lee M, Kuo CJ, Keller C, et al. Increased Wnt signaling during aging
alters muscle stem cell fate and increases fibrosis. Science [Internet]. 2007 Aug 10; 317(5839):807–10.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/17690295 https://doi.org/10.1126/science.
1144090
11. Biressi S, Miyabara EH, Gopinath SD, Carlig PMM, Rando TA. A Wnt-TGFβ2 axis induces a fibrogenic
program in muscle stem cells from dystrophic mice. Sci Transl Med [Internet]. 2014 Dec 17; 6
(267):267ra176. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25520397 https://doi.org/10.
1126/scitranslmed.3008411
12. Pessina P, Kharraz Y, Jardı´ M, Fukada S, Serrano AL, Perdiguero E, et al. Fibrogenic Cell Plasticity
Blunts Tissue Regeneration and Aggravates Muscular Dystrophy. Stem cell reports [Internet]. 2015 Jun
9; 4(6):1046–60. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25981413 https://doi.org/10.
1016/j.stemcr.2015.04.007
13. Joe AWB, Yi L, Natarajan A, Le Grand F, So L, Wang J, et al. Muscle injury activates resident fibro/adi-
pogenic progenitors that facilitate myogenesis. Nat Cell Biol [Internet]. 2010 Feb; 12(2):153–63. Avail-
able from: http://www.ncbi.nlm.nih.gov/pubmed/20081841 https://doi.org/10.1038/ncb2015
14. Uezumi A, Fukada S, Yamamoto N, Takeda S, Tsuchida K. Mesenchymal progenitors distinct from sat-
ellite cells contribute to ectopic fat cell formation in skeletal muscle. Nat Cell Biol [Internet]. 2010 Feb;
12(2):143–52. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20081842 https://doi.org/10.1038/
ncb2014
15. Mounier R, Chre´tien F, Chazaud B. Blood vessels and the satellite cell niche. Curr Top Dev Biol [Inter-
net]. 2011; 96:121–38. Available from: http://www.ncbi.nlm.nih.gov/pubmed/21621069 https://doi.org/
10.1016/B978-0-12-385940-2.00005-X
Cross-talk between macrophages and muscle stem cells
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008408 October 18, 2019 25 / 29
16. Arnold L, Henry A, Poron F, Baba-Amer Y, van Rooijen N, Plonquet A, et al. Inflammatory monocytes
recruited after skeletal muscle injury switch into antiinflammatory macrophages to support myogenesis.
J Exp Med [Internet]. 2007 May 14; 204(5):1057–69. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/17485518 https://doi.org/10.1084/jem.20070075
17. Chazaud B, Brigitte M, Yacoub-Youssef H, Arnold L, Gherardi R, Sonnet C, et al. Dual and beneficial
roles of macrophages during skeletal muscle regeneration. Exerc Sport Sci Rev [Internet]. 2009 Jan; 37
(1):18–22. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19098520 https://doi.org/10.1097/JES.
0b013e318190ebdb
18. De Santa F, Vitiello L, Torcinaro A, Ferraro E. The Role of Metabolic Remodeling in Macrophage Polari-
zation and Its Effect on Skeletal Muscle Regeneration. Antioxid Redox Signal [Internet]. 2018 Oct 9;
Available from: http://www.ncbi.nlm.nih.gov/pubmed/30070144
19. Tidball JG. Regulation of muscle growth and regeneration by the immune system. Nat Rev Immunol
[Internet]. 2017 Mar; 17(3):165–78. Available from: http://www.ncbi.nlm.nih.gov/pubmed/28163303
https://doi.org/10.1038/nri.2016.150
20. Tidball JG, Villalta SA. Regulatory interactions between muscle and the immune system during muscle
regeneration. Am J Physiol Regul Integr Comp Physiol [Internet]. 2010 May; 298(5):R1173–87. Avail-
able from: http://www.ncbi.nlm.nih.gov/pubmed/20219869 https://doi.org/10.1152/ajpregu.00735.2009
21. Juban G, Chazaud B. Metabolic regulation of macrophages during tissue repair: insights from skeletal
muscle regeneration. FEBS Lett [Internet]. 2017; 591(19):3007–21. Available from: http://www.ncbi.
nlm.nih.gov/pubmed/28555751 https://doi.org/10.1002/1873-3468.12703
22. Summan M, Warren GL, Mercer RR, Chapman R, Hulderman T, Van Rooijen N, et al. Macrophages
and skeletal muscle regeneration: a clodronate-containing liposome depletion study. Am J Physiol
Regul Integr Comp Physiol [Internet]. 2006 Jun; 290(6):R1488–95. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/16424086 https://doi.org/10.1152/ajpregu.00465.2005
23. Contreras-Shannon V, Ochoa O, Reyes-Reyna SM, Sun D, Michalek JE, Kuziel WA, et al. Fat accumu-
lation with altered inflammation and regeneration in skeletal muscle of CCR2-/- mice following ischemic
injury. Am J Physiol Cell Physiol [Internet]. 2007 Feb; 292(2):C953–67. Available from: http://www.ncbi.
nlm.nih.gov/pubmed/17020936 https://doi.org/10.1152/ajpcell.00154.2006
24. Shireman PK, Contreras-Shannon V, Ochoa O, Karia BP, Michalek JE, McManus LM. MCP-1 defi-
ciency causes altered inflammation with impaired skeletal muscle regeneration. J Leukoc Biol [Internet].
2007 Mar; 81(3):775–85. Available from: http://www.ncbi.nlm.nih.gov/pubmed/17135576 https://doi.
org/10.1189/jlb.0506356
25. Segawa M, Fukada S, Yamamoto Y, Yahagi H, Kanematsu M, Sato M, et al. Suppression of macro-
phage functions impairs skeletal muscle regeneration with severe fibrosis. Exp Cell Res [Internet]. 2008
Oct 15; 314(17):3232–44. Available from: http://www.ncbi.nlm.nih.gov/pubmed/18775697 https://doi.
org/10.1016/j.yexcr.2008.08.008
26. Wang H, Melton DW, Porter L, Sarwar ZU, McManus LM, Shireman PK. Altered macrophage pheno-
type transition impairs skeletal muscle regeneration. Am J Pathol [Internet]. 2014 Apr; 184(4):1167–84.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/24525152 https://doi.org/10.1016/j.ajpath.2013.
12.020
27. Zordan P, Rigamonti E, Freudenberg K, Conti V, Azzoni E, Rovere-Querini P, et al. Macrophages com-
mit postnatal endothelium-derived progenitors to angiogenesis and restrict endothelial to mesenchymal
transition during muscle regeneration. Cell Death Dis [Internet]. 2014 Jan 30; 5:e1031. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24481445 https://doi.org/10.1038/cddis.2013.558
28. Villalta SA, Deng B, Rinaldi C, Wehling-Henricks M, Tidball JG. IFN-γ promotes muscle damage in the
mdx mouse model of Duchenne muscular dystrophy by suppressing M2 macrophage activation and
inhibiting muscle cell proliferation. J Immunol [Internet]. 2011 Nov 15; 187(10):5419–28. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22013114 https://doi.org/10.4049/jimmunol.1101267
29. Acharyya S, Sharma SM, Cheng AS, Ladner KJ, He W, Kline W, et al. TNF inhibits Notch-1 in skeletal
muscle cells by Ezh2 and DNA methylation mediated repression: implications in duchenne muscular
dystrophy. PLoS One [Internet]. 2010 Aug 30; 5(8):e12479. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/20814569 https://doi.org/10.1371/journal.pone.0012479
30. Palacios D, Mozzetta C, Consalvi S, Caretti G, Saccone V, Proserpio V, et al. TNF/p38α/polycomb sig-
naling to Pax7 locus in satellite cells links inflammation to the epigenetic control of muscle regeneration.
Cell Stem Cell [Internet]. 2010 Oct 8; 7(4):455–69. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/20887952 https://doi.org/10.1016/j.stem.2010.08.013
31. Serrano AL, Baeza-Raja B, Perdiguero E, Jardı´ M, Muñoz-Ca´noves P. Interleukin-6 is an essential reg-
ulator of satellite cell-mediated skeletal muscle hypertrophy. Cell Metab [Internet]. 2008 Jan; 7(1):33–
44. Available from: http://www.ncbi.nlm.nih.gov/pubmed/18177723 https://doi.org/10.1016/j.cmet.
2007.11.011
Cross-talk between macrophages and muscle stem cells
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008408 October 18, 2019 26 / 29
32. Tonkin J, Temmerman L, Sampson RD, Gallego-Colon E, Barberi L, Bilbao D, et al. Monocyte/Macro-
phage-derived IGF-1 Orchestrates Murine Skeletal Muscle Regeneration and Modulates Autocrine
Polarization. Mol Ther [Internet]. 2015 Jul; 23(7):1189–200. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/25896247 https://doi.org/10.1038/mt.2015.66
33. Hayashiji N, Yuasa S, Miyagoe-Suzuki Y, Hara M, Ito N, Hashimoto H, et al. G-CSF supports long-term
muscle regeneration in mouse models of muscular dystrophy. Nat Commun [Internet]. 2015 Apr 13;
6:6745. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25865621 https://doi.org/10.1038/
ncomms7745
34. Wehling-Henricks M, Li Z, Lindsey C, Wang Y, Welc SS, Ramos JN, et al. Klotho gene silencing pro-
motes pathology in the mdx mouse model of Duchenne muscular dystrophy. Hum Mol Genet [Internet].
2016; 25(12):2465–82. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27154199 https://doi.org/
10.1093/hmg/ddw111
35. Wehling-Henricks M, Welc SS, Samengo G, Rinaldi C, Lindsey C, Wang Y, et al. Macrophages escape
Klotho gene silencing in the mdx mouse model of Duchenne muscular dystrophy and promote muscle
growth and increase satellite cell numbers through a Klotho-mediated pathway. Hum Mol Genet [Inter-
net]. 2018 Jan 1; 27(1):14–29. Available from: http://www.ncbi.nlm.nih.gov/pubmed/29040534 https://
doi.org/10.1093/hmg/ddx380
36. Du H, Shih C-H, Wosczyna MN, Mueller AA, Cho J, Aggarwal A, et al. Macrophage-released ADAMTS1
promotes muscle stem cell activation. Nat Commun [Internet]. 2017; 8(1):669. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/28939843 https://doi.org/10.1038/s41467-017-00522-7
37. Varga T, Mounier R, Patsalos A, Gogola´k P, Peloquin M, Horvath A, et al. Macrophage PPARγ, a Lipid
Activated Transcription Factor Controls the Growth Factor GDF3 and Skeletal Muscle Regeneration.
Immunity [Internet]. 2016; 45(5):1038–51. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
27836432 https://doi.org/10.1016/j.immuni.2016.10.016
38. Saclier M, Yacoub-Youssef H, Mackey AL, Arnold L, Ardjoune H, Magnan M, et al. Differentially acti-
vated macrophages orchestrate myogenic precursor cell fate during human skeletal muscle regenera-
tion. Stem Cells [Internet]. 2013 Feb; 31(2):384–96. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/23169615 https://doi.org/10.1002/stem.1288
39. Saclier M, Cuvellier S, Magnan M, Mounier R, Chazaud B. Monocyte/macrophage interactions with myo-
genic precursor cells during skeletal muscle regeneration. FEBS J [Internet]. 2013 Sep; 280(17):4118–
30. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23384231 https://doi.org/10.1111/febs.12166
40. Balaban B, Matthews DJ, Clayton GH, Carry T. Corticosteroid treatment and functional improvement in
Duchenne muscular dystrophy: long-term effect. Am J Phys Med Rehabil [Internet]. 2005 Nov; 84
(11):843–50. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16244521 https://doi.org/10.1097/
01.phm.0000184156.98671.d0
41. Angelini C. The role of corticosteroids in muscular dystrophy: a critical appraisal. Muscle Nerve [Inter-
net]. 2007 Oct; 36(4):424–35. Available from: http://www.ncbi.nlm.nih.gov/pubmed/17541998 https://
doi.org/10.1002/mus.20812
42. Pichavant C, Aartsma-Rus A, Clemens PR, Davies KE, Dickson G, Takeda S, et al. Current status of
pharmaceutical and genetic therapeutic approaches to treat DMD. Mol Ther [Internet]. 2011 May; 19
(5):830–40. Available from: http://www.ncbi.nlm.nih.gov/pubmed/21468001 https://doi.org/10.1038/mt.
2011.59
43. Pradhan S, Ghosh D, Srivastava NK, Kumar A, Mittal B, Pandey CM, et al. Prednisolone in Duchenne
muscular dystrophy with imminent loss of ambulation. J Neurol [Internet]. 2006 Oct; 253(10):1309–16.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/16786214 https://doi.org/10.1007/s00415-006-
0212-1
44. Shieh PB, McIntosh J, Jin F, Souza M, Elfring G, Narayanan S, et al. Deflazacort vs prednisone/prednis-
olone for maintaining motor function and delaying loss of ambulation: A post hoc analysis from the ACT
DMD trial. Muscle Nerve [Internet]. 2018 Jul 20; Available from: http://www.ncbi.nlm.nih.gov/pubmed/
30028519
45. Duffield JS, Tipping PG, Kipari T, Cailhier J-F, Clay S, Lang R, et al. Conditional ablation of macro-
phages halts progression of crescentic glomerulonephritis. Am J Pathol [Internet]. 2005 Nov; 167
(5):1207–19. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16251406 https://doi.org/10.1016/
S0002-9440(10)61209-6
46. Stoneman V, Braganza D, Figg N, Mercer J, Lang R, Goddard M, et al. Monocyte/macrophage suppres-
sion in CD11b diphtheria toxin receptor transgenic mice differentially affects atherogenesis and estab-
lished plaques. Circ Res [Internet]. 2007 Mar 30; 100(6):884–93. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/17322176 https://doi.org/10.1161/01.RES.0000260802.75766.00
47. von Maltzahn J, Jones AE, Parks RJ, Rudnicki MA. Pax7 is critical for the normal function of satellite
cells in adult skeletal muscle. Proc Natl Acad Sci U S A [Internet]. 2013 Oct 8; 110(41):16474–9. Avail-
able from: http://www.ncbi.nlm.nih.gov/pubmed/24065826 https://doi.org/10.1073/pnas.1307680110
Cross-talk between macrophages and muscle stem cells
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008408 October 18, 2019 27 / 29
48. Gu¨nther S, Kim J, Kostin S, Lepper C, Fan C-M, Braun T. Myf5-positive satellite cells contribute to
Pax7-dependent long-term maintenance of adult muscle stem cells. Cell Stem Cell [Internet]. 2013 Nov
7; 13(5):590–601. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23933088 https://doi.org/10.
1016/j.stem.2013.07.016
49. Pasut A, Chang NC, Gurriaran-Rodriguez U, Faulkes S, Yin H, Lacaria M, et al. Notch Signaling Res-
cues Loss of Satellite Cells Lacking Pax7 and Promotes Brown Adipogenic Differentiation. Cell Rep
[Internet]. 2016; 16(2):333–43. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27346341 https://
doi.org/10.1016/j.celrep.2016.06.001
50. Seale P, Bjork B, Yang W, Kajimura S, Chin S, Kuang S, et al. PRDM16 controls a brown fat/skeletal
muscle switch. Nature [Internet]. 2008 Aug 21; 454(7207):961–7. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/18719582 https://doi.org/10.1038/nature07182
51. Kajimura S, Seale P, Kubota K, Lunsford E, Frangioni JV, Gygi SP, et al. Initiation of myoblast to brown
fat switch by a PRDM16-C/EBP-beta transcriptional complex. Nature [Internet]. 2009 Aug 27; 460
(7259):1154–8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19641492 https://doi.org/10.1038/
nature08262
52. Wang C, Liu W, Nie Y, Qaher M, Horton HE, Yue F, et al. Loss of MyoD Promotes Fate Transdifferentia-
tion of Myoblasts Into Brown Adipocytes. EBioMedicine [Internet]. 2017 Feb; 16:212–23. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/28117277 https://doi.org/10.1016/j.ebiom.2017.01.015
53. An Y, Wang G, Diao Y, Long Y, Fu X, Weng M, et al. A Molecular Switch Regulating Cell Fate Choice
between Muscle Progenitor Cells and Brown Adipocytes. Dev Cell [Internet]. 2017; 41(4):382–391.e5.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/28535373 https://doi.org/10.1016/j.devcel.2017.
04.012
54. Pan D, Huang L, Zhu LJ, Zou T, Ou J, Zhou W, et al. Jmjd3-Mediated H3K27me3 Dynamics Orches-
trate Brown Fat Development and Regulate White Fat Plasticity. Dev Cell [Internet]. 2015 Dec 7; 35
(5):568–83. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26625958 https://doi.org/10.1016/j.
devcel.2015.11.002
55. Villalta SA, Rinaldi C, Deng B, Liu G, Fedor B, Tidball JG. Interleukin-10 reduces the pathology of mdx
muscular dystrophy by deactivating M1 macrophages and modulating macrophage phenotype. Hum
Mol Genet [Internet]. 2011 Feb 15; 20(4):790–805. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/21118895 https://doi.org/10.1093/hmg/ddq523
56. Deng B, Wehling-Henricks M, Villalta SA, Wang Y, Tidball JG. IL-10 triggers changes in macrophage
phenotype that promote muscle growth and regeneration. J Immunol [Internet]. 2012 Oct 1; 189
(7):3669–80. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22933625 https://doi.org/10.4049/
jimmunol.1103180
57. Nitahara-Kasahara Y, Hayashita-Kinoh H, Chiyo T, Nishiyama A, Okada H, Takeda S, et al. Dystrophic
mdx mice develop severe cardiac and respiratory dysfunction following genetic ablation of the anti-
inflammatory cytokine IL-10. Hum Mol Genet [Internet]. 2014 Aug 1; 23(15):3990–4000. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24659498 https://doi.org/10.1093/hmg/ddu113
58. Shefer G, Wleklinski-Lee M, Yablonka-Reuveni Z. Skeletal muscle satellite cells can spontaneously
enter an alternative mesenchymal pathway. J Cell Sci [Internet]. 2004 Oct 15; 117(Pt 22):5393–404.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/15466890 https://doi.org/10.1242/jcs.01419
59. Giordani L, He GJ, Negroni E, Sakai H, Law JYC, Siu MM, et al. High-Dimensional Single-Cell Cartogra-
phy Reveals Novel Skeletal Muscle-Resident Cell Populations. Mol Cell [Internet]. 2019 May 2; 74
(3):609–621.e6. Available from: http://www.ncbi.nlm.nih.gov/pubmed/30922843 https://doi.org/10.
1016/j.molcel.2019.02.026
60. Arecco N, Clarke CJ, Jones FK, Simpson DM, Mason D, Beynon RJ, et al. Elastase levels and activity
are increased in dystrophic muscle and impair myoblast cell survival, proliferation and differentiation.
Sci Rep [Internet]. 2016; 6:24708. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27241590
https://doi.org/10.1038/srep24708
61. Shen W, Li Y, Tang Y, Cummins J, Huard J. NS-398, a cyclooxygenase-2-specific inhibitor, delays skel-
etal muscle healing by decreasing regeneration and promoting fibrosis. Am J Pathol [Internet]. 2005
Oct; 167(4):1105–17. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16192645 https://doi.org/
10.1016/S0002-9440(10)61199-6
62. Tierney MT, Stec MJ, Rulands S, Simons BD, Sacco A. Muscle Stem Cells Exhibit Distinct Clonal
Dynamics in Response to Tissue Repair and Homeostatic Aging. Cell Stem Cell [Internet]. 2018; 22
(1):119–127.e3. Available from: http://www.ncbi.nlm.nih.gov/pubmed/29249462 https://doi.org/10.
1016/j.stem.2017.11.009
63. Picelli S, Faridani OR, Bjo¨rklund AK, Winberg G, Sagasser S, Sandberg R. Full-length RNA-seq from
single cells using Smart-seq2. Nat Protoc [Internet]. 2014 Jan; 9(1):171–81. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/24385147 https://doi.org/10.1038/nprot.2014.006
Cross-talk between macrophages and muscle stem cells
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008408 October 18, 2019 28 / 29
64. Picelli S, Bjo¨rklund AK, Reinius B, Sagasser S, Winberg G, Sandberg R. Tn5 transposase and tagmen-
tation procedures for massively scaled sequencing projects. Genome Res [Internet]. 2014 Dec; 24
(12):2033–40. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25079858 https://doi.org/10.1101/
gr.177881.114
65. Bianchi V, Ceol A, Ogier AGE, de Pretis S, Galeota E, Kishore K, et al. Integrated Systems for NGS
Data Management and Analysis: Open Issues and Available Solutions. Front Genet [Internet]. 2016;
7:75. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27200084 https://doi.org/10.3389/fgene.
2016.00075
66. Huang DW, Sherman BT, Tan Q, Kir J, Liu D, Bryant D, et al. DAVID Bioinformatics Resources:
expanded annotation database and novel algorithms to better extract biology from large gene lists.
Nucleic Acids Res [Internet]. 2007 Jul; 35(Web Server issue):W169–75. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/17576678 https://doi.org/10.1093/nar/gkm415
67. Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nat Protoc [Internet]. 2009; 4(1):44–57. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/19131956 https://doi.org/10.1038/nprot.2008.211
Cross-talk between macrophages and muscle stem cells
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008408 October 18, 2019 29 / 29
